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Ve developed a technique for measuring the focal properties and the 
magnification behaviour of electrostatic lenses with cylindrical 
geometry. Ve applied the method to the study of three-element lenses 
of various proportions, and we found excellent agreement between our 
experimental results and a simple theoretical model of lenses with 
centre elements longer than 1.25 internal lens diameters. Ve 
extended our study to lenses with centre element 1 and 0.5 lens 
diameters where the simple theoretical model is inappropriate but 
there are detailed calculations on the focal properties and the 
magnification of such lenses. Again we found very good agreement. 
Having established a sound measuring technique we studied the 
properties of lenses with controlled magnification. Ve constructed a 
five-element lens whose linear magnification can be varied over a 
range of 9:1 at a given overall voltage ratio. The same lens can 
also be operated to give a constant magnification over an extremely 
wide range (10000:1) of overall voltage ratios. Such a lens can 
prove a powerful tool in electron spectroscopy for uses in electron 
guns and as the output lens of monochromators. The potential 
distribution required for a specific purpose can be obtained simply 
from design curves.
By imposing certain constraints on the focusing voltages of the 
five-element lens we can form a system with a magnification that 
depends only on the overall voltage ratio as ( V s / V i ) " * a n d  with 
the property of forming an image at a fixed distance from an object. 
Ve have made an experimental study of such a lens and found that a 
prediction of a simple scaling law for the potentials was valid.
Ve developed two independent methods for measuring the spherical 
aberration of some of the above lenses. Ve have measured the third 
order coefficients Cs, Cso, Csj for two and three-element lenses of 
various proportions and the coefficient Cs for a five-element afocal 
lens. Ve have observed fifth order effects for large launching 
angles.
Tke oLj-ec-c o f -Lks L.V\es\s was -to de'^elop o.vvd a  
to NYWeSAc^ '^ o'ce -LW , v r \ c , o i v \  J
of- c W  C f o o 0 levvS'e’s .
— ? —
CONTENT:
CHAPTER 1 CALCULATIONS 0? THE FOCAL PROPERTIES 
OF THREE ELEMENT-LENSES
1.1 Historical
1.2 Multielement electrostatic lenses
1.3 Method of calculation
1.4 The separation of variables method
1.5 The charge density method
1.6 The finite difference method
1.7 The finite element method
1.8 Calculations of the focal lengths
1.9 Use of matrices to represent electron lenses
1.10 Focusing voltages and magnification of 
three-element lenses
1.11 Focal lengths and focal distances of 
three-element lenses
Appendix
page
5
5
7
8 
10 
11 
12 
12 
13
19
21
CHAPTER 2 EXPERIMENTAL INVESTIGATION OF THREE-ELEMENT 
LENSES
2. 1 The vacuum system
2.2 Electron lens details
2.3 The scanning method
2.4 Focal locus results
2.5 Magnification results
2.7 Conclusions
Appendix
58
61
65
70
74
77
78
CHAPTER 3 LENSES WITH CONTROLLED MAGNIFICATION
3. 1 Three-element lenses of equal internal diameter 82
3.2 Three-element lenses with electrodes of
differing internal diameters 84
3.3 Four-element lenses 85
3.4 An afocal five-element lens 87
3.5 A five-element zoom lens 90
3.6 A symmetric five-element zoom lens 94
Appendix 96
- 3 -
CHAPTER 4 EXPERIMENTAL INVESTIGATIONS OF FIVE ELEMENT 
LENSES AND PARAMETERTSATTON OF THE RESULTS
4. 1 Afocal lens results 100
4.2 The scaling parameter a 103
4.3 Zoom lens results 107
4.4 Parameterisation of the results 109
4.5 Design curves for the zoom lens 113
CHAPTER 5 SPHERICAL ABERRATIONS OF ELECTROSTATIC LENSES
5. 1 Introduction 116
5.2 Spherical aberration coefficients 117
5.3 The correcting voltage method 120
5.4 Experimental details 123
5.5 Results 126
5.6 Conclusions 136
REFERENCES 137
ACKNOWLEDGEMENTS 140
141
- 4 -
CHAPTER 1
CALCULATIONS OF THE FOCAL PROPERTIES OF THREE-ELEMENT LENSES
1 . 1 .Historical.
Electron lenses were first used as focusing devices in 1926 by
H. Busch. It was shown then that a radially symmetric magnetic field 
causes a focusing effect to an electron beam similar to that of a 
glass lens on light. From 1926 up to 1939 there were rapid 
developments in the field of magnetic and electrostatic lenses 
leading to the manufacture of television tubes as well as very 
powerful microscopes.
During the 1930-45 war cathode ray tubes were developed for radar 
systems, image converter tubes for infra-red vision, klystron and 
magnetron tubes for the production of high frequency electromagnetic 
waves. After the war during the 1945-1960 period applications of 
electron lenses were made in atomic and nuclear physics. Beta ray 
spectrometers of great resolving power were developed as well as 
high voltage particle accelerators such as cyclotron, betatron and 
synchrotron.
From 1960 to the present, well established analytical techniques in 
electron optics have been combined to produce systems or to suggest 
ideas for new instruments. The advent of digital computers has made 
practical problems on new designs theoretically tractable, and 
progress with novel experimental lenses is now taking place.
1.2 Multielement electrostatic lenses
There is great diversity both in the types and applications of 
electron lenses. In this work we have only considered lenses in the 
non-relativistic limit, such as those used in electron spectroscopy, 
and we shall deal only with their asymptotic focal properties and 
aberrations.
There are two types of electron lenses, magnetic and electrostatic. 
The latter could be aperture or cylinder lenses or a combination of 
the two. The number of elements, apertures or cylinders, that make 
up the lens determines the number of properties of an image that can 
be maintained constant while the other properties are varied. These
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properties are position, energy, linear magnification, angular
magnification and aberrations. If n elements are used then n-2 
properties of an image can be maintained constant. A xhree-element 
lens, for example, can maintain the position of the image fixed 
while the energy is varied, which is often the mode of operation of 
this type of lens. Read (1969a,b), Heddle (1969), and Adams and Read 
(1972) have described methods to calculate the focal properties of 
such lenses and Harting and Read (1976) have compiled theoretical 
data on two and three-element lenses of certain geometries.
A four-element lens can maintain the position and the linear
magnification constant while the energy is varied. Martinez et al
(1983) have presented data to do this for conditions in which the 
distance between the object and the image is less than eight times
the diameter of the lens. If the object to image distance becomes
larger, the range of image energies becomes too small to be of 
practical use.
Using a five-element lens it is possible to keep the position and 
the linear magnification of the image constant with low aberrations 
for a wide range of image energies. Heddle and Papadovassilakis
(1984) have made an experimental study of such a lens and found that 
the lens can be operated to give constant magnification over an 
extremely wide range (10000:1) of image energies. It was also shown 
that the linear magnification can be varied over a range of some 9:1 
at a given image energy. Another property of that lens is that it 
can be used to relay an image along the axis like a periscope in 
light optics as shown by Heddle (1971).
A seven-element lens has been described by Heddle (1971) that will 
form an image of an object at a fixed position and of a pupil at 
infinity. Both these focal conditions are independent of the image 
energy over a wide range. The focusing voltages of this lens can be 
found if it is treated like a five-element afocal lens prececie<i by 
a three-element lens.
Read (1983) has proposed a lens with twenty two short elements
sandwiched between two longer elements. By applying appropriate
voltages, the lens was used as a three-element lens with variable
length of elements. As the position of the reference plane is varied
it is possible that n-1 properties of an image can be maintained
constant if n voltages are used on the elements. Using an on line
computer the reference plane may be moved by electrical means. Tke 
plowg. 'S a t :  oÇ sç.cov\o^ @.1^ v n e n L .
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Ve have concentrated our work on electrostatic lenses of cylindrical 
geometry. The first two chapters refer to methods of calculating 
focal properties, our novel measuring technique and the experimental 
study of some three-element lenses. In chapters three and four we 
compare the properties of lenses with controlled magnification, 
including a complete experimental study of a novel five-element lens 
with parameterization of the results. The uses and potential of that 
lens are also dealt with in chapters three and four.
Chapter five deals with the aberrations of the lenses that we have 
studied. Two independent ways of measuring aberrations were employed 
successfully on two-element, three-element and afocal lenses.
In the same chapter we have suggested an experimental study of the 
afocal lens that would enable it to be used as a zoom lens with very 
low aberrations.
1.3 Method of calculation
This chapter deals with the methods of calculation of the focal 
properties of two and three-element cylindrical lenses. Four methods 
for calculating the potential distribution within the space of the 
lens are described and compared. Once the potential distribution is 
known the equations of motion are used to trace a ray in the space 
of the lens and determine the focal lengths.
The above methods were first used to calculate the focal properties 
of two-element lenses consisting of coaxial cylinders with either 
thin or thick walls, with the same or differing internal diameters 
and at various distances apart. The methods have also been applied 
to three-element lenses but they have been limited to certain
geometries because of the diversity of element sizes and
separations.
It is possible to calculate the focusing properties of a three- 
element lens by considering it as two two-element lenses in cascade. 
If the middle element is longer than 1.25 internal lens diameters, 
then matrices can be used to calculate the focal lengths and focal 
distances. For the same condition, a simple way is described to
calculate the zoom lens curves and the magnification curves.
The potential distribution within the space of the lens can be
determined by solving Laplace's equation:
=  0
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Ve describe four methods to obtain a solution of the equation; the 
separation of variables, the charge density, the finite difference, 
and the finite element methods. These methods have been reviewed and
compared by Mulvey and Vallington (1973) as shown in table 1.
1-4 The separation p1 %azlabies methad
In the separation of variables method for cylindrical geometry the
solution may be written as :
N
V(r,z) = Z A,->exp(knZ)Jo(k>-,r) (1.1)
n=l
where Jo(k,-»r) is the Bessel function of order zero and the constants 
A t to A n , ki to kw can be determined from the boundary conditions. 
The axial distribution of the potential in the case of two coaxial 
cylinders of unit diameter, separated by a gap d, can be expressed 
using Bertam's approximation (1940) by the simple equation:
TWA _ (Vi + Vz) , (Vs - Vi), coshw(z + 0.5d)V(0,z) -  - + ----  in '1-2)
where Vi, Vs are the potentials of the two cylinders and w=1.318. It 
has been assumed that the potential varies linearly between the 
edges of the cylinders. If the gap between the two cylinders is very 
small the expression can be approximated further to:
V(0,z) = 0.5(Vi + Vs) + 0.5(Vs - Vi)tanhwz (1.3)
Lens parameters have been calculated using the separation of 
variables method by Ramberg (1942), El-Kareh (1969), El-Kareh and 
El-kareh (1970), and El-kareh and Sturans (1971). It has been 
pointed out by Read et al (1971) that the above expressions are only 
approximations and serious error can occur if the gap between the 
cylinders is comparable with the cylinder diameter.
A significant advance in the application of this method was made by 
Read who calculated the focal properties of two and three-element 
aperture lenses (1969a,b), (1970a). The method involved the
I
- - - I ; _____
5 ; . P3 I
Pei P2 I
Figure 1-1 Square grid used for the calculation of the potentials 
in the finite difference method.
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inversion of an N x B matrix with N in the range of 70 to 210 which 
required a computer with approximately 20k working store. The 
numerical accuracy claimed for the focal lengths, distances and 
spherical aberrations was of the order of 0.5%.
1,5. The Charge...Hehslty Method.
The basis of the charge density method is that the charge densities 
on all metal surfaces are found and then used to compute the 
potential distributions throughout the space of the lens. The 
potential V<r) at any point r in the space of the lens is then given 
by Coulomb's law ;
V(r) = )s.'Tr‘='r^r
where n is the number of elements with surface Sk of charged 
densities rk(rk) and rk are the vectors that lie on Sk.
To find the charge density we consider a surface Sj with potential 
Vj. Equation 1.4 becomes:
= i h h ~  c.:, js,r'Trr-‘r:T'^“
where rj are the values of r that lie on Sj.
If surfaces Sk are divided into N separate parts of areas Si and 
uniform charge density o-i the equation 1.5 becomes :
= __1 y ^ \  El____
4meo y Si I rj - ri I
dSi (1.6)
If the width of a strip 1 is very small compared with the minimum 
distance between strips J and i the equation 1.6 becomes (Veber 
1950):
where:
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and where K(k) is the complete elliptical integral of the first
kind, and Ri, Rj, Zi, Zj the mean radii and mean axial positions of
the strips.
The potential distributions using this method were calculated first 
by Cruise (1963) and later by Harrington (1968), Mautz and 
Harrington (1970), Singer and Braun (1970), Read (1971), Read et al 
(1971) and Adam and Read (1972).
1.6 The finite difference method
To find a solution of Laplace's equation using the finite difference 
method, the equation is first transformed into the appropriate 
difference equation:
V^V = (Vi + V= + Vs + Va - 4Vo)/h= (1.9)
where Vi, Vz, Vs, V^ i are the potentials of the four nearest lattice
nodes Pi, Pz, Pa, Pa of the point Po at potential Vo, and h the
distance as shown in figure 1,1. The assumptions made in obtaining 
this equation are that the potential varies linearly between any two 
adjacent lattice nodes, and that only lattice nodes Pi to Pa affect 
the potential at lattice node Po. More accurate difference equations 
include terms with potentials at points Ps, Pe, P-7 and Pe, A 
relaxation method is then used to solve equation 1.9. This consists 
of making repeated estimates of the values of V at all lattice 
points in turn, using the equation:
= Vo<")+0.25w(Vi<"~'>+V2<n+T)+V3<""T)+VA<""'>-Vo(")) (1.10)
where the superscript n indicates the potential value obtained at 
that lattice point after the n^-^' estimation and w is a constant that 
determines the speed of convergence of the solution and it depends 
on the geometry. One advantage of this method is that only the 
latest estimate of the potential at each point needs to be stored 
and the coefficients of the potential terms are recalculated every 
time they are required.
The basic relaxation method was established by Southwell (1940, 
1946) and then used by Liebmann (1950), Frankel (1950) and Young 
(1954). Carre (1961) proposed a method of determining the optimum 
value of w, but the time spent in determining w can cancel out the
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tin® saved by speeding up the iteration process (Veber 1950).
1.7 The finite element method
The finite element method has been mainly used for magnetic lenses 
(Zienkienicz and Cheung 1965) but Munro (1970, 1971a,b) has used the 
method to calculate the properties of magnetic and electrostatic 
lenses. Similar to the relaxation technique the region under 
investigation is divided into a network of grids, but the mesh lines 
have no special symmetry and are chosen to coincide with boundary 
surfaces.
From the above the charge density and relaxation methods appear most 
attractive for electrostatic lenses of cylindrical geometry. A good 
program can be developed on a computer with a large memory using one 
of the above methods to compile very accurate and extensive data for 
any lens geometry.
l.S Calculations of the focal lengths
Once the potential distributions of a lens have been calculated the 
equations of motion can be used to determine the path of a ray 
within the space of the lens. In two dimensions these equations are:
= (I'll)
and
di^ v (SV
= (1'12)
where m is the electron mass, e the electron charge, x is the 
direction along the lens axis and y is the the direction 
perpendicular to the lens axis.
The associated energy equation is:
(dx/dt)= + (dy/dt)= = 2eV/m (1.13)
If we combine the differential equations 1.11, 1.12, 1.13 and
eliminate the time between them we get:
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d = y  = l _ ± _ j d y / d x ) =  Ç V  _ d j , Ç V
dx=: I 2V I I (?y dx 6x (1.14)
By expanding V(x,y) in terms of the potential and its derivatives 
along the axis, and keeping only first order terms, equation 1.14 
becomes:
and using the transformation Y=yV*-^s equation 1.15 becomes Picht's 
equation:
Picht's equation can be solved numerically if the value of the 
function Y,-, at a particular point is expressed in terms of the two 
previous values Yn-i, Yn-z and other known field parameters (Burfoot
1952, El Kareh and Sturans 1971 ).
Equation 1,16 refers to paraxial rays only and it is valid for ray
slopes which are less than 10*^  and values of y which are less than
10% of the lens diameter (Vallington 1971).
Once the path of some paraxial rays is found the focal lengths and 
the position of the principal planes can easily be calculated.
1.9 Use of matrices to represent electron lenses
It has been shown by Dichio et al (1974) that a matrix can be used 
to transform entering asymptotic rays at the reference plane of a 
lens to exiting asymptotic rays at the reference plane.
The 2x2 matrix can be written as:
(1.17)
An object at P can be translated at the reference plane by a matrix:
- 13 -
1 -F
B = I I (1.IS)
and the rays can be translated from the reference plane at Q to form 
an image by a matrix:
C = ( I (1.19)
The matrix that propagates rays from P to Q is;
(1. 20)
Multiplying the matrices we get :
-Pail + aiz “ PQazi + Qszz 
-Pazi + azz
( 1 . 21)
For imaging we must have :
-Pail + ai2 - PQazi + Qa^z =0 (1.22)
Solving for Q we get
Q = (~Pai1 + aiz)/(Pazi - azz) (1.23)
Vhen P 4 00 Q 4 -aii/azi and Fz = Q
When Q -) 00 p 4 azz/azi and Fi = P
It can also be shown that :
f 1 “ ~aiz + ai1.azz/azi (1.24)
f z  = - 1 / a z i  (1.25)
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so the first focal properties can be calculated from the matrix 
elements.
The values of the elements of matrix A can be found by tracing four 
rays and solving a system of simultaneous equations. The limitation 
of the matrix method is that the lens elements must be longer than 
1.25 lens diameters to avoid field penetration. It is assumed that 
rays are entering and exiting at the reference plane and that they 
are extrapolated from field free space.
Using equations 1.24 and 1.25, equation 1.17 may be written :
Fz/fz (FiFz - fifz)/f:
A = I I (1.26)
-1/fz ~Fi/fz
Matrix A contains all the essential properties of the lens.
1.10 Focusing voltages and magnification of three-element lenses 
Harting and Read (1976) have compiled data on 24 lenses, 16 double 
element and 8 triple element, both of einzel and asymmetric type. 
Fifteen of these lenses have axial symmetry. The choice of lenses is 
a little arbitrary but as far as two-element lenses are concerned it 
is sufficiently wide to suit most potential users.
The three-element lenses described, however, have middle element 
lengths 0.5D or ID, where D is the lens' diameter(in future lengths 
of lenses will be given as multiples of the internal lens diameter). 
This is rather limiting especially when matrices are likely to be 
used to describe longer lenses and also when rays at a reference 
plane are extrapolated from field free space.
Heddle (1969) has developed a method for determining the focal 
properties of a three-element lens with the length of the second 
element greater than 1.25.
The three-element lens is considered as two two-element lenses in 
cascade. Figure 1.2 shows such a lens with lengths of elements Li, 
Lz, Lz and voltages Vi, Vz, Vs applied on the elements. To obtain 
some focusing voltage pairs Vz/Vi, Vs/Vi for this lens we may assume 
that:
Vi = Vz z Vs and Vi # Vz = Vs
which reduces the three-element lens to a two-element lens 
accelerating or retarding.
- 15 -
T . , T
0 * ♦ I
Vs
Figure 1.2 A three-element lens consisting of coaxial cylinders of 
unit diameters separated by gaps of 0.1,The lens produces an image 
at I of an object at 0.
Thus four pairs of focusing voltages can be found using the P-Q 
curves of two-element lenses shown in figure 1.3. Assuming parallel 
rays to the axis in the centre element, points 0 and I have to be 
the focal points for the retarding or accelerating two-element 
lenses with element lengths Li, Lz or Lz, Lz. The focusing voltages 
in this case can be found from figure 1.4 which shows the focal 
lengths and distances of two-element lenses. There are four possible 
combinations so the total number of points available for the zoom 
curves is eight. Figure 1.5a shows the zoom curve for a lens with 
Li=2.4, Lz=1.6 and Lz=1.55. The points B,D,F,H were derived when the 
lens was reduced to a two-element lens. The points A,C,E,G were 
derived assuming parallel paths in the centre elements. There are 
constraints when drawing the line through the points found from 
physical arguments. It can be shown that the tangent at G and C is 
vertical and at F and B horizontal.
The linear magnification calculated for the same lens is shown in 
figure 1.5b. The lens model gives again eight points, but no 
information on the slopes of the locus and the magnification is 
somewhat less well defined. Nevertheless the constraints that the 
curve should pass through eight points and should be smooth are 
fairly strong. nc.l
The independent lens model is expected to be valid for lenses with 
Lz)1.25. Vhen Lz is less there is a greater departure of the 
potential distribution from that implied by the independent lens 
model, particularly in the central region. The field penetration
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(b)
-G
0.1 (a)
0.01 0.1 1 10 100
Figure 1.5 Focal loci <a) and magnification loci (b) 
for a tîiree-element lens with Li =2.4, L:z=1.6, L3-1.55
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causes greater inaccuracy in the FED region where the principal 
planes may be crossed.
The independent lens model together with the data from Harting and 
Read (1976), where La=l or 0.5, cover a wide range of three-element 
lenses. Any three-element lens made of equal diameter elements and 
with Ls=0.5 or 1 or is included. The focal and magnification
loci predicted by the independent lens model provided the test for 
our original experimental technique which is described in the next 
chapter.
1.11 Focal lengths and focal distances of three-element lenses
The independent lens model can be used to calculate the focusing
voltages and the magnification of three-element lenses but it does 
not provide any information about the focal lengths or focal 
distances of these lenses. It is often desirable to handle beams of 
electrons parallel to the axis or to predict the treatment of angle 
stops in the system.
Ve have calculated the focal lengths fi,fz and the focal distances 
FT,Fa of three-element lenses with lengths of centre element La=1.5, 
2, 2.5, and 3. Ve have used the two-element lens data from Harting 
and Read (1976) and the equations derived by Heddle (1970). These 
equations relate the focal lengths and the focal distances of a
three-element lens with those of two two-element lenses in cascade 
that make up the three-element lens. Another parameter that appears 
in the equations is the length of the middle element Lz. These
equations are:
f 1 - (fia X fit.) / (Lz - Fib - Fa-a) (1.27)
Fi =^(fia X fsa) / (Faa + Fib - La )^  - La/2 - Fl a (1.28)
f2 = (fza X fab) / (Fib + Faa - La) (1.29)
Fa =((fib X fat.) / (La - Fa«. - Fib)|+ La/2 + Fab (1.30)
where fia, fa», fit., fab are the first and second focal lengths of 
the two-element lenses a and b and FT a, Faa, Fib, Fat. the first and 
second focal distances. The values of fi, fa, Fi , Fa are shown in 
the appendix to this chapter.
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Ve have assigned positive values to all the focal lengths and 
distances of the two-element lenses and that has resulted in 
positive values for fi, fa, Fi , and Fa in most cases. Ve have 
included some negative values which correspond to the formation of a 
virtual image. The negative sign indicates that a crossover occurs 
within the lens and it is not advisable to use the lens in that 
mode. The data presented is for accelerating lenses only but it is a 
simple exercise to calculate the corresponding values fi ' , fs' , 
FT'and F^ ' of a retarding lens. If we set Vi'=¥3 , and Vs'^Vi
it follows that;
fi'(V='/Vi', Vs'/Vi') = fs (V=/Vi , V3 /V1 )
fz'CVa'/Vi', Vs'/Vi') = fi (V3/V1 , Vs/Vi)
Fi'(Vs'/Vi', Vs'/Vi') = Fs (Vs/Vi , V3/V1)
Fa'(Va'/Vi', Vs'/Vi') = Fi (Va/Vi , Vs/Vi)
Finally we have calculated in all cases the sum FT+Fa. This is 
useful as an indication of the strength of the lens and we have 
used, in chapter three, values of a constant FT+Fa to calculate the 
focusing voltages of a five-element afocal lens.
Ve hope that the data we have calculated together with that from 
Harting and Read (1976) for lenses having La=0.5 and 1 is adequate 
for any application requiring the knowledge of the focal lengths or 
focal distances of three-element lenses. TWe accmvac'-/ oÇ- Jc,Ve 
was tes-LSc) us'r\<^  velcx-tÀt.v\%
cxvij W O 15 UetbSv bWcAv\ 2  %  vnos-L ccxscs .
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APPENDIX
Focal lengths and distances of three-element lenses 
The length of the second element is L2 = 1.5 
*************************************************** 
V3/V1 = 1
V2/'VI i:1 f2 Fl F2 F1+F2
0. 05 1. 03 1 .03 0.37 0. 37 0. 70
0. 06 1. 05 1 .05 0.46 0. 46 0. 90
0. 08 1. 09 1. 09 0. 63 0. 63 1. 30
0. 10 1. 17 1. 17 0. 77 0. 77 1. 50
0. 15 1. 42 1. 42 1. 16 1. 16 2. 30
0. 20 1. 72 1. 72 1.51 1. 51 3. 00
0. 25 2. 12 2. 12 1. 96 1. 96 3. 90
0. 30 2. 67 2. 67 2. 55 2. 55 5. 10
0. 40 4. 21 4. 21 4. 13 4. 13 8. 30
0. 50 6. 93 6. 93 6. 89 6. 89 13. 80
0. 60 12. 83 12. 83 12. 80 12. 80 25. 60
0. 80 77. 26 77. 26 77.24 77. 24 154. 50
1. 20 93. 74 93. 74 93. 73 93. 73 187. 50
1. 40 27. 89 27. 89 27. 88 27. 88 55. 80
1. 60 14. 56 14. 56 14.53 14. 53 29. 10
1. 80 9. 52 9. 52 9. 47 9. 47 18. 90
2. 00 7, 01 7, 01 6.95 6. 95 13. 90
2. 20 5. 56 5, 56 5. 47 5. 47 10. 90
2. 40 4. 63 4. 63 4.53 4. 53 9. 10
2. 60 4. 00 4. 00 3. 87 3. 87 7. 70
2. 80 3. 54 3. 54 3. 39 3. 39 6. 80
3. 00 3. 20 3. 20 3. 03 3. 03 6. 10
3. 50 2, 65 2. 65 2.41 2. 41 4. 80
4. 00 2 .34 2. 34 2. 01 2. 01 4. 00
5. 00 2. 02 2. 02 1.51 1. 51 3. 00
6 .00 1, 90 1. 90 1. 19 1. 19 2. 40
8 .00 1. 97 1. 97 0.65 0. 65 1. 30
10. 00 2. 31 2. 31 0. 06 0. 06 0. 10
12. 00 3. 21 3. 21 — 0. 98 -0. 98 — 2 .00
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 1.5
V2/V1 f 1 f2 Fl F2 F1+F2
0. 05 0.90 1. 11 0. 21 0.35 0.60
0.06 0. 91 1. 13 0. 28 0. 43 0. 70
0.08 0.94 1. 15 0. 43 0.59 1. 00
0. 10 0. 99 1. 20 0.55 0. 72 1. 30
0. 15 1. 12 1. 39 0. 81 1. 06 1.90
0.20 1. 33 1. 62 1. 09 1.35 2. 40
0. 25 1.54 1. 89 1. 36 1.68 3.00
0.30 1. 83 2.25 1.69 2. 06 3.80
0. 40 2. 61 3.19 2.57 3.01 5. 60
0.50 3.72 4. 55 3.77 4. 34 8.10
0. 60 5.53 6. 80 5.73 6. 45 12. 20
0. 80 13. 37 16. 52 14.28 15. 40 29. 70
1. 20 77. 05 93.11 84.64 84. 73 169.40
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2. 00 10. 51 13. 18 12. 40 11. 09 23. 50
2, 20 7. 74 9. 57 9. 12 8. 03 17. 20
40 6. 09 7. 46 7. 18 6. 20 13. 40
2. 60 5. 07 6. 25 6. 03 5. 10 11. 10
2. 80 4. 33 5. 33 5. 16 4. 30 9. 50
3. 00 3. 80 4. 65 4. 51 3. 70 8. 20
3. 50 2. 97 3. 64 3. 52 2. 77 6. 30
4. 00 2. 50 3. 06 2. 92 2. 21 5. 10
5. 00 2. 01 2. 47 2. 25 1. 58 3. 80
6. 00 1. 78 2. 20 1. 85 1. 20 3. 00
8. 00 1. 65 2. 04 1. 38 0. 68 2. 10
10. 00 1. 71 2. 11 1. 03 0. 25 1. 30
12. 00 1. 99 2. 43 0. 58 -0. 31 0. 30
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3 = 2
V2/ VI f1 f2 Fl F2 F1+F2
0. 05 0. 83 1. 18 0. 12 0.30 0. 40
0. 06 0. 83 1. 18 0. 19 0. 40 0. 60
0. 08 0. 84 1.20 0. 30 0.56 0. 90
0. 10 0. 88 1. 23 0. 41 0.68 1. 10
0. 15 0. 96 1.37 0.63 0.98 1. 60
0, 20 1. 09 1. 55 0. 82 1.24 2. 10
0. 25 1. 24 1.76 1. 04 1. 50 2. 50
0. 30 1. 45 2. 04 1.30 1.82 3. 10
0. 40 1. 89 2.67 1.82 2.46 4. 30
0. 50 2. 51 3.54 2.54 3.29 5. 80
0. 60 3. 42 4. 83 3. 56 4.47 8. 00
0. 80 6 .17 8. 83 6. 75 7.97 14. 70
1. 20 18. 68 26. 26 21.60 22.67 44. 30
1. 40 22. 66 31.89 26. 88 26. 87 53. 80
1. 60 20. 40 28. 47 24.65 23.51 48. 20
2. 40 6. 76 9.56 8. 80 7. 25 16. 10
2. 60 5. 60 8. 10 7. 48 5.93 13. 40
2. 80 4. 74 6.70 6. 31 4.91 11. 20
3. 00 4. 13 5.91 5. 59 4.20 9. 80
3. 50 3. 14 4.47 4. 30 3. 04 7. 30
4. 00 2. 58 3.64 3.54 2. 37 5. 90
5. 00 1. 99 2. 82 2. 71 1.63 4. 30
6. 00 1. 71 2. 42 2.27 1.21 3. 50
8. 00 1. 49 2. 12 1.76 0. 69 2. 40
10. 00 1. 46 2. 07 1. 43 0.31 1. 70
12. 00 1. 55 2. 19 1. 16 -0. 08 1. 10
14. 00 1. 70 2. 42 0. 91 -0. 53 0. 40
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3 = 2.5
V2/V1 f 1 f2 Fl F2 F1+F2
0. 05 0. 79 1.25 0. 04 0.27 0. 30
0. 06 0.78 1.23 0. 12 0.36 0.50
0.08 0. 77 1.23 0.23 0.54 0. 80
0. 10 0.79 1. 26 0.31 0.66 1. 00
0. 15 0. 86 1.36 0. 51 0.94 1.40
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0. 20 0. 95 1 .51 0. 67 1. 16 1 .80
0. 25 1 .06 1 .68 0. 83 1. 39 2. 20
0. 30 1. 19 1 .89 1. 02 1. 64 2. 70
0. 40 1. 51 2 .40 1. 44 2. 16 3. 60
0. 50 1. 91 3. 01 1. 90 2. 75 4. 60
0. 60 2. 46 3. 88 2. 55 3. 52 6 . 10
0. 80 3. 93 6. 27 4. 33 5. 56 9. 90
1. 20 8. 99 14. 17 10. 68 11. 88 22. 60
1. 40 11. 43 18. 03 14. 02 14. 66 28. 70
1. 60 12. 53 19. 64 15. 76 15. 55 31. 30
1. 80 11. 46 17. 96 14. 80 13. 86 28. 70
2. 00 9. 78 15. 27 12. 92 11. 49 24. 40
3. 00 4. 20 6 .63 6. 08 4. 44 10. 50
3. 50 3. 19 5. 04 4. 75 3. 22 8. 00
4. 00 2. 60 4. 11 3. 95 2. 47 6. 40
5. 00 1. 97 3. 11 3. 03 1. 67 4. 70
6. 00 1. 65 2. 62 2. 55 1. 22 3. 80
8, 00 1. 37 2. 20 2. 02 0. 70 2. 70
10. 00 1. 30 2. 07 1., 70 0. 35 2. 00
12. 00 1. 31 2. 09 1., 48 0. 02 1. 50
14. 00 1. 40 2. 21 1., 27 -0. 32 1. 00
16. 00 1. 52 2. 40 1., 06 -0. 70 0. 40
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3 = 3
V2/V1 f 1 f2 Fl F2 F1+F2
0. 05 0.75 1. 30 0. 00 0. 23 0. 20
0. 06 0. 74 1. 29 0. 06 0. 34 0. 40
0. 08 0. 73 1. 26 0. 17 0. 50 0. 70
0. 10 0. 73 1. 28 0. 26 0. 63 0. 90
0. 15 0. 78 1. 36 0. 43 0. 89 1. 30
0. 20 0.86 1. 48 0. 56 1. 10 1. 70
0. 25 0.93 1. 62 0. 71 1. 30 2. 00
0. 30 1. 03 1. 80 0. 84 1. 52 2 .40
0. 40 1.28 2. 21 1. 19 1. 96 3. 10
0. 50 1. 55 2. 69 1. 53 2. 41 3. 90
0. 60 1. 90 3. 31 1. 95 2. 96 4, 90
0. 80 2. 86 4. 99 3. 15 4. 36 7. 50
1. 20 5.65 9. 77 6. 81 8. 03 14. 80
1. 40 7. 16 12. 37 8. 95 9. 84 18. 80
1. 60 8. 15 14. 05 10. 51 10. 82 21. 30
1. 80 8.31 14. 30 11. 04 10. 68 21. 70
2. 00 7. 86 13. 45 10. 72 9. 78 20. 50
2. 20 7.07 11. 99 9. 84 8. 51 18. 40
2. 40 6. 10 10. 43 8. 73 7. 19 15. 90
4. 00 2.57 4. 54 4. 23 2 .52 6 .70
5. 00 1.93 3. 36 3. 26 1. 69 4. 90
6. 00 1.60 2. 78 2. 74 1. 23 4. 00
8. 00 1.30 2. 27 2. 19 0. 71 2. 90
10. 00 1. 19 2. 08 1. 88 0. 38 2. 30
12. 00 1. 18 2. 05 1. 66 0. 08 1. 70
14. 00 1.20 2. 10 1. 50 -0. 20 1. 30
16. 00 1. 27 2. 21 1. 32 -0. 49 0. 80
18. 00 1. 40 2. 42 1. 15 -0. 87 0. 30
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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V3 = 4
V2/V1 f 1 f2 Fl F2 F1+F2
0. 05 0.69 1. 39 -0. 06 0.18 0.10
0.06 0. 68 1.37 0.00 0.29 0. 30
0. 08 0. 67 1.33 0.09 0. 46 0. 50
0. 10 0.66 1. 32 0. 17 0. 57 0. 70
0. 15 0.68 1.37 0. 31 0. 83 1. 10
0.20 0. 73 1.46 0. 42 1.01 1.40
0.25 0.78 1.56 0.53 1. 19 1. 70
0. 30 0. 84 1.69 0.65 1.35 2. 00
0.40 0. 98 1. 97 0. 86 1.68 2.50
0. 50 1. 15 2. 31 1. 10 2. 01 3. 10
0. 60 1.39 2.77 1.40 2. 41 3.80
0. 80 1.84 3.73 2. 00 3. 18 5.20
1.20 3.20 6.37 3. 89 5. 11 9.00
1.40 3. 85 7. 70 4.91 5.95 10.90
1.60 4. 46 8.90 5.89 6.63 12.50
1.80 4.82 9.63 6.60 6.93 13.50
2. 00 4.93 9.86 6.99 6.85 13. 80
2.20 4. 85 9.68 7. 08 6.52 13.60
2.40 4. 64 9.23 6. 97 6. 03 13. 00
2.60 4. 35 8. 60 6. 69 5.46 12.20
2.80 3. 97 7.90 6.26 4.88 11. 10
3. 00 3. 71 7.24 5.95 4.35 10.30
5, 00 1.85 3.74 3.48 1.71 5.20
6.00 1.51 3.07 2.98 1.23 4. 20
8. 00 1.20 2.41 2. 40 0. 72 3. 10
10. 00 1. 06 2. 13 2.09 0.41 2. 50
12. 00 1. 01 2.02 1.89 0. 16 2. 10
14. 00 1. 00 2. 00 1. 74 -0. 06 1.70
16. 00 1. 02 2.03 1. 61 -0. 28 1.30
18. 00 1. 03 2. 10 1.51 -0.51 1. 00
20. 00 1. 12 2. 24 1. 38 -0.79 0. 60
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3 = 5
V2/V1 f 1 f2 Fl F2 F1+F2
0. 06 0.64 1. 44 -0. 04 0. 24 0.20
0.08 0. 62 1. 38 0. 05 0.41 0.50
0. 10 0.62 1.37 0. 11 0. 54 0. 60
0. 15 0.61 1. 38 0.25 0.78 1. 00
0.20 0. 64 1.45 0. 33 0. 95 1.30
0.25 0.68 1.52 0. 43 1. 11 1.50
0. 30 0. 72 1.62 0. 51 1.25 1.80
0. 40 0. 83 1.85 0. 70 1.52 2. 20
0. 50 0.94 2. 11 0. 86 1.79 2.70
0.60 1. 08 2. 43 1.06 2. 07 3. 10
0. 80 1.40 3. 17 1.51 2.65 4.20
1. 20 2.22 4.92 2.69 3.88 6.60
1. 40 2.61 5.83 3.34 4. 42 7. 80
1.60 3. 02 6.72 4. 01 4.91 8. 90
1.80 3. 29 7.35 4.55 5. 17 9.70
2.00 3. 49 7.80 5. 03 5.29 10. 30
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2.20 3. 57 7.97 5. 31 5. 22 10. 50
2.40 3. 55 7.92 5. 46 5. 01 10. 50
2.60 3.46 7.69 5.47 4. 71 10.20
2.80 3.29 7. 33 5. 35 4.35 9. 70
3.00 3. 13 6.96 5. 22 4.00 9.20
3.50 2.68 5. 96 4. 73 3.20 7.90
4. 00 2. 31 5. 10 4.27 2.54 6. 80
6.00 1. 45 3. 26 3.06 1. 25 4.30
8.00 1. 13 2.53 2.52 0. 71 3.20
10. 00 0.98 2.20 2.21 0.42 2.60
12. 00 0. 91 2.04 2.02 0. 20 2.20
14. 00 0. 88 1.97 1.88 0. 01 1.90
16. 00 0. 87 1.95 1.76 -0. 16 1.60
18. 00 0. 87 1.97 1.67 -0.35 1.30
20. 00 0.91 2. 04 1.58 -0.54 1. 00
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3 = 6
V3 =
V2/V1 f 1 f2 FI F2 F1+F2
0.08 0.58 1.43 0. 01 0.38 0. 40
0. 10 0.58 1. 41 0. 08 0.50 0.60
0. 15 0.56 1.40 0.20 0.74 0.90
0.20 0.58 1.44 0.28 0.90 1.20
0.25 0. 61 1.51 0.36 1. 05 1.40
0.30 0.65 1.59 0. 44 1. 18 1.60
0. 40 0.72 1.76 0.58 1. 41 2.00
0.50 0.81 1.98 0. 73 1.63 2. 40
0. 60 0.90 2.23 0. 86 1.86 2.70
0. 80 1. 15 2.83 1.22 2. 33 3.50
1. 20 1.68 4. 11 2. 02 3. 19 5.20
1.40 2. 01 4. 88 2.57 3.65 6.20
1.60 2. 27 5. 52 3. 01 3.97 7. 00
1.80 2.51 6. 11 3.48 4. 23 7. 70
2. 00 2.65 6. 49 3. 83 4.32 8.20
2, 20 2. 77 6.78 4. 15 4. 35 8.50
2. 40 2. 82 6.90 4.38 4.27 8.60
2.60 2.81 6.87 4.51 4. 11 8.60
2.80 2. 76 6.74 4.55 3.90 8.50
3.00 2. 66 6.52 4.52 3.65 8.20
3. 50 2.41 5. 86 4.36 3. 04 7.40
4. 00 2. 14 5. 17 4. 07 2. 49 6. 60
5. 00 1.68 4. 11 3. 49 1. 72 5.20
8.00 1. 06 2.68 2.59 0.69 3.30
10. 00 0. 92 2.28 2.29 0. 42 2.70
12.00 0. 85 2.07 2. 10 0.22 2.30
14. 00 0.81 1.97 1.97 0. 05 2.00
16. 00 0. 78 1.92 1. 85 -0. 09 1.80
18. 00 0. 78 1.91 1. 77 -0.25 1.50
20.00 0.79 1.94 1.70 -0.39 1. 30
25. 00 0. 84 2.09 1.53 -0.83 0.70
******************************************
= 8
V2/V1 f 1 f2 FI F2 F1+F2
0. 10 0.53 1. 49 0. 02 0. 44 0.50
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V3 =
0. 15 0. 51 1. 44 0. 13 0.68 0.80
0.20 0. 51 1.46 0.20 0.82 1.00
0. 25 0. 52 1. 49 0.27 0.96 1.20
0.30 0.54 1. 55 0.33 1. 07 1. 40
0.40 0.59 1. 68 0. 45 1. 26 1.70
0.50 0. 65 1. 83 0. 54 1. 44 2.00
0.60 0. 71 2.02 0. 65 1.61 2. 30
0. 80 0.84 2.42 0.85 1. 93 2.80
1.20 1.20 3.37 1.43 2.55 4. 00
1. 40 1. 35 3.82 1. 71 2.79 4. 50
1.60 1. 51 4.26 1.97 2.99 5. 00
1.80 1. 70 4.76 2.34 3.22 5. 60
2. 00 1.79 5. 06 2.57 3.28 5.90
2. 20 1. 91 5.38 2.85 3.36 6. 20
2. 40 1. 99 5.61 3. 10 3.38 6. 50
2. 60 2. 03 5. 72 3. 26 3. 32 6. 60
2. 80 2. 04 5.76 3. 39 3.22 6. 60
3. 00 2. 04 5.74 3. 49 3. 10 6. 60
3. 50 1.95 5. 50 3. 60 2. 73 6. 30
4. 00 1. 81 5. 10 3.55 2.34 5. 90
5. 00 1.52 4.29 3. 29 1.69 5. 00
6. 00 1. 30 3.61 3.04 1.22 4.30
10.00 0. 84 2.42 2.36 0. 42 2.80
12. 00 0.76 2. 17 2. 19 0.23 2. 40
14. 00 0.71 2. 02 2. 06 0.08 2. 10
16. 00 0.68 1.92 1.96 -0. 02 1.90
18. 00 0. 66 1.88 1.88 -0. 15 1.70
20. 00 0. 66 1.86 1.82 -0.25 1.60
25. 00 0. 66 1.89 1.69 -0. 55 1. 10
30.00 0. 71 2. 02 1.58 -0. 87 0. 70
****************************************-
: 10 
V2/V1 f 1 f2 FI F2 F1+F2
0. 15 0. 47 1. 49 0.09 0.63 0.70
0.20 0.47 1. 48 0. 15 0. 77 0.90
0.25 0. 47 1.49 0.22 0.89 1. 10
0.30 0. 48 1.53 0.27 0.99 1. 30
0. 40 0. 51 1.63 0. 36 1. 17 1.50
0. 50 0. 56 1. 75 0. 45 1.32 1.80
0. 60 0. 60 1. 89 0. 52 1.46 2.00
0. 80 0.69 2.22 0.69 1.71 2. 40
1. 20 0.92 2.92 1. 08 2. 16 3.20
1.40 1. 06 3.33 1.33 2.38 3. 70
1.60 1. 16 3.67 1.50 2.53 4. 00
1. 80 1. 28 4. 02 1.73 2.67 4.40
2. 00 1.36 4.30 1.92 2.74 4.70
2.20 1.48 4.63 2. 18 2.84 5. 00
2.40 1.54 4. 83 2.36 2.85 5.20
2.60 1.58 4.98 2.53 2.83 5. 40
2.80 1. 62 5. 09 2.66 2.79 5. 40
3. 00 1.65 5. 17 2.81 2. 73 5.50
3.50 1. 63 5. 14 3. 00 2. 48 5. 50
4. 00 1.57 4. 94 3.09 2.19 5. 30
5. 00 1. 38 4. 35 3. 04 1.65 4.70
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6.00 1. 20 3.79 2.90 1.23 4. 10
6.00 0.95 2.98 2.60 0.70 3.30
12. 00 0. 71 2.26 2.22 0.25 2. 50
14. 00 0. 66 2. 08 2. 11 0. 12 2.20
16.00 0.62 1.96 2. 01 0.00 2.00
18. 00 0.60 1.89 1.94 -0. 10 1. 80
20.00 0.59 1.86 1. 88 -0. 19 1. 70
25. 00 0.57 1. 82 1. 76 -0.41 1.40
30.00 0.59 1.87 1.68 -0. 65 1. 00
35. 00 0.62 1.99 1.59 -0.93 0.70
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3 = 15
V3 =
V2/V1 f 1 f2 FI F2 F1+F2
0.20 0. 40 1.56 0. 09 0. 67 0. 80
0. 25 0. 40 1.54 0. 15 0.78 0.90
0. 30 0.40 1.55 0. 19 0. 88 1. 10
0. 40 0. 41 1.59 0.26 1. 01 1. 30
0. 50 0.43 1.67 0. 33 1. 14 1.50
0.60 0. 45 1.76 0. 36 1.24 1. 60
0.80 0.50 1.98 0. 47 1.42 1.90
1.20 0.63 2. 44 0.70 1.71 2.40
1.40 0. 70 2.69 0. 83 1.84 2.70
1.60 0. 76 2.95 0.94 1.95 2.90
1. 80 0. 82 3. 18 1. 07 2. 03 3. 10
2. 00 6. 89 3.44 1.22 2. 11 3. 30
2.20 0.96 3.67 1.35 2. 17 3. 50
2.40 0.99 3.85 1.47 2. 19 3.70
2. 60 1. 04 4. 01 1.59 2.20 3. 80
2. 80 1. 08 4. 17 1.71 2. 19 3. 90
3. 00 1. 11 4.27 1.81 2. 16 4. 00
3. 50 1. 17 4.48 2. 09 2. 07 4. 20
4. 00 1. 18 4.52 2.26 1.90 4.20
5. 00 1. 12 4. 33 2. 45 1.54 4. 00
6.00 1. 03 3.99 2.51 1. 20 3. 70
8.00 0. 85 3.31 2. 45 0.71 3. 20
10. 00 0. 73 2.81 2.32 0.43 2. 70
12. 00 0. 65 2.49 2.22 0.23 2. 50
18. 00 0. 52 2. 01 1.99 -0. 06 1.90
20. 00 0. 49 1.95 1.95 -0. 15 1.80
25. 00 0. 46 1. 81 1.85 -0.29 1.60
30. 00 0. 46 1.78 1.78 -0. 42 1. 40
35. 00 0. 46 1.79 1.72 -0.58 1. 10
40. 00 0. 47 1. 84 1.68 -0.74 0. 90
:****************************************■
: 20 
V2/V1 f 1 f2 FI F2 F1+F2
0.25 0. 36 1.59 0. 11 0.71 0.80
0. 30 0. 35 1.59 0. 14 0. 80 0.90
0. 40 0. 36 1.60 0. 21 0.93 1. 10
0. 50 0. 37 1.65 0.26 1. 03 1. 30
0.60 0. 38 1. 72 0. 30 1. 12 1. 40
0. 80 0.41 1.88 0.36 1.26 1. 60
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V3
1.20 0. 50 2.23 0.53 1.50 2.00
1. 40 0.55 2. 43 0. 63 1.58 2.20
1. 60 0. 59 2.63 0.70 1.66 2.40
1.80 0.63 2.83 0. 79 1.74 2.50
2.00 0.67 3. 01 0. 87 1. 79 2.70
2.20 0.72 3.21 0.97 1. 84 2.80
2. 40 0.75 3. 38 1. 06 1.86 2.90
2.60 0. 80 3.54 1. 17 1.88 3.00
2. 80 0. 84 3. 71 1.27 1.90 3. 20
3. 00 0. 87 3. 84 1.37 1.89 3. 30
3.50 0. 91 4. 07 1.56 1.82 3. 40
4. 00 0. 94 4. 21 1. 73 1.71 3.40
5. 00 0.95 4.23 2. 00 1.44 3.40
6. 00 0.91 4. 07 2. 18 1. 16 3.30
8. 00 0. 79 3.54 2.25 0.71 3.00
10. 00 0.69 3. 08 2. 21 0. 43 2.60
12. 00 0.61 2.72 2. 16 0.23 2. 40
14. 00 0.56 2.47 2. 10 0. 12 2.20
16. 00 0. 52 2. 27 2. 04 0. 01 2. 10
25. 00 0.41 1.89 1.87 -0.25 1.60
30. 00 0. 40 1.80 1.82 -0.35 1.50
35. 00 0.39 1.77 1.77 -0. 46 1.30
40. 00 0.39 1.77 1.73 -0. 57 1. 20
50. 00 0. 41 1.83 1.66 -0. 79 0. 90
****************************************:
: 25 
V2/V1 f 1 f2 FI F2 F1+F2
0.30 0.32 1.63 0. 12 0.74 0.90
0. 40 0. 33 1.63 0. 18 0.86 1. 00
0. 50 0. 33 1.65 0.22 0.96 1. 20
0. 60 0. 34 1.71 0.25 1. 04 1. 30
0. 80 0.36 1.84 0.31 1. 17 1.50
1. 20 0.43 2. 14 0.44 1. 37 1. 80
1.40 0.46 2.29 0.51 1.44 1. 90
1.60 0. 49 2. 46 0. 55 1.50 2. 10
1.80 0. 53 2.63 0. 63 1.55 2.20
2.00 0.56 2.80 0. 70 1.60 2. 30
2.20 0.59 2.96 0.76 1.64 2.40
2. 40 0.62 3. 12 0. 83 1.67 2.50
2. 60 0. 65 3.26 0. 91 1. 69 2.60
2. 80 0.68 3.41 0.99 1. 70 2. 70
3. 00 0. 71 3.53 1. 06 1.69 2.70
3.50 0. 77 3.82 1.26 1.67 2.90
4. 00 0. 80 4. 00 1.41 1.59 3. 00
5. 00 0. 83 4. 15 1.67 1.37 3. 00
6. 00 0. 82 4. 10 1.89 1. 13 3. 00
8. 00 0. 74 3.71 2. 07 0.70 2.80
10. 00 0. 66 3.29 2. 10 0.42 2.50
12. 00 0.59 2.94 2. 09 0.22 2. 30
14. 00 0. 54 2.67 2. 06 0.09 2. 10
16. 00 0.50 2. 44 2.01 0. 00 2.00
18. 00 0. 46 2.29 1.98 -0. 06 1.90
20. 00 0. 44 2. 16 1.95 -0. 13 1. 80
30. 00 0.37 1. 85 1.84 -0.32 1. 50
-28-
V3 =
35. 00 0.36 1.79 1. 79 -0. 40 1. 40
40. 00 0.35 1. 77 1. 76 -0. 49 1. 30
50. 00 0. 36 1. 78 1. 70 -0.65 1.00
60.00 0.37 1.85 1.65 -0. 85 0.80
****************************************3
: 30
V2/V1 f 1 f2 FI F2 F1+F2
0.40 0.30 1.66 0. 16 0.81 1. 00
0. 50 0.31 1.67 0.20 0. 90 1. 10
0. 60 0.31 1.71 0. 22 0.98 1. 20
0. 80 0.33 1.82 0.27 1. 09 1.40
1. 20 0. 37 2. 07 0. 38 1.27 1.60
1.40 0. 41 2.22 0. 44 1.34 1.80
1.60 0.43 2.36 0.47 1.39 1.90
1.80 0.46 2.51 0.52 1.44 2. 00
2. 00 0. 49 2.66 0.58 1.48 2. 10
2.20 0.51 2.80 0.63 1.51 2. 10
2.40 0.54 2.95 0.69 1.53 2.20
2.60 0.56 3. 08 0.75 1.55 2.30
2. 80 0.59 3.22 0. 81 1.56 2. 40
3. 00 0.61 3.34 0.86 1.56 2.40
3.50 0.66 3.62 1. 03 1.55 2.60
4. 00 0. 71 3.84 1. 19 1. 49 2. 70
5. 00 0. 74 4. 07 1.42 1.32 2.70
6. 00 0.75 4. 12 1.64 1. 10 2.70
8. 00 0. 70 3.85 1.90 0.70 2.60
10. 00 0. 63 3. 48 1. 98 0. 42 2. 40
12. 00 0. 57 3. 13 2. 01 0.22 2.20
14. 00 0.52 2.85 2.00 0.08 2. 10
16. 00 0. 48 2.62 1.98 -0. 01 2.00
18. 00 0. 45 2.44 1.96 -0. 09 1.90
20. 00 0. 43 2.30 1.94 -0. 14 1.80
25. 00 0. 37 2. 07 1.88 -0.24 1. 60
40. 00 0.32 1.81 1. 77 -0. 47 1.30
50. 00 0.32 1.77 1.72 -0.58 1. 10
60. 00 0.33 1.80 1.68 -0.73 1. 00
70. 00 0. 34 1.87 1.64 -0. 90 0.70
»****************************************:
= 40 
V2/V1 f 1 f2 FI F2 F1+F2
0. 50 0. 27 1.72 0. 17 0.82 1. 00
0.60 0. 27 1.74 0. 16 0.89 1. 10
0. 80 0. 28 1.81 0.22 1. 00 1.20
1.20 0. 32 2. 01 0. 31 1. 14 1.50
1.40 0. 33 2. 13 0.36 1.20 1.60
1.60 0.35 2.25 0.37 1.24 1.60
1.80 0. 38 2.38 0.41 1.29 1.70
2. 00 0. 40 2.51 0. 45 1.32 1.80
2.20 0.41 2.63 0. 47 1. 34 1.80
2. 40 0. 44 2. 75 0. 51 1.36 1.90
2.60 0. 46 2. 87 0. 56 1.38 1.90
2. 80 0. 48 3. 00 0. 59 1.38 2.00
-29-
3.00 0.49 3. 11 0.64 1. 39 2.00
3.50 0. 54 3.38 0. 75 1. 38 2. 10
4. 00 0. 57 3.61 0. 85 1.35 2.20
5, 00 0.62 3.94 1. 08 1. 22 2. 30
6. 00 0. 65 4. 11 1. 32 1. 06 2.40
8.00 0.64 4. 08 1.59 0. 69 2.30
10. 00 0. 60 3.79 1.75 0. 41 2.20
12. 00 0.55 3. 48 1.85 0.20 2.00
14. 00 0. 51 3.20 1. 88 0. 05 1. 90
16. 00 0. 47 2.94 1.89 -0. 04 1. 80
18. 00 0. 43 2.75 1.89 -0. 12 1. 80
20. 00 0. 41 2.59 1.88 -0. 16 1.70
25. 00 0. 36 2.29 1.85 -0. 27 1.60
50. 00 0. 29 1.82 1.74 -0.53 1.20
60. 00 0.26 1.80 1.71 -0.62 1. 10
70. 00 0.28 1. 82 1.68 -0.73 1. 00
80. 00 0. 29 1.87 1.65 — 0. 84 0. 80
90. 00 0. 30 1. 93 1.63 -0.97 0. 70
- 30 —
Focal lengths and distances of three-element lenses 
The length of the second element is L2 = 2 
*************************************************** 
V3/V1 = 1
V2/V1 f 1 f2 FI F2 F1+F2
0. 05 2.25 2.25 -0.61 -0. 61 -1.20
0. 06 1. 97 1.97 -0.21 -0.21 -0. 40
0. 08 1. 69 1.69 0. 28 0.28 0.60
0.10 1.64 1. 64 0.55 0.55 1. 10
0. 15 1. 72 1. 72 1. 11 1. 11 2.20
0.20 1. 96 1.96 1.52 1.52 3. 00
0. 25 2.32 2.32 2. 01 2. 01 4.00
0.30 2.85 2.85 2.62 2.62 5. 20
0. 40 4.36 4.36 4.23 4.23 8. 50
0.50 7. 07 7. 07 7. 00 7. 00 14. 00
0. 60 12. 96 12.96 12. 91 12.91 25. 80
0.80 77. 39 77. 39 77.36 77.36 154.70
1.20 93. 86 93. 86 93. 86 93.86 187.70
1. 40 28.02 28. 02 28. 00 28. 00 56. 00
1.60 14.69 14. 69 14.65 14.65 29.30
1.80 9.66 9.66 9.58 9.58 19. 20
2. 00 7. 15 7. 15 7. 06 7. 06 14. 10
2.20 5.71 5.71 5. 57 5.57 11. 10
2. 40 4.79 4.79 4.62 4.62 9.20
2.60 4. 16 4. 16 3.96 3.96 7. 90
2. 80 3. 72 3.72 3.46 3.46 6.90
3. 00 3.39 3.39 3.09 3.09 6.20
3.50 2.87 2.87 2. 44 2.44 4.90
4. 00 2. 59 2.59 2. 01 2. 01 4. 00
5. 00 2.36 2.36 1.42 1. 42 2.80
6. 00 2. 38 2. 38 0. 96 0.96 1.90
8. 00 3. 02 3. 02 -0. 15 -0. 15 -0.30
r*****************************************
a  = 1.
V2/V1
5
f 1 f2 FI F2 F1+F2
0. 05 2.39 2.96 -1. 50 — 0.81 -2.30
0. 06 2. 01 2. 49 -0. 94 -0. 34 -1.30
0. 08 1.62 1. 98 -0. 26 0.24 0. 00
0, 10 1.51 1.83 0. 07 0.52 0. 60
0. 15 1.43 1. 77 0. 57 1. 06 1.60
0. 20 1.57 1.91 0. 95 1.42 2. 40
0. 25 1.73 2. 14 1.26 1.79 3. 10
0.30 2. 00 2.46 1. 62 2.20 3. 80
0. 40 2. 75 3.35 2.52 3. 19 5. 70
0. 50 3. 83 4.69 3. 72 4.53 8.30
0.60 5.62 6.91 5.66 6.67 12. 30
0.80 13. 41 16.57 14. 11 15.65 29. 80
1.20 77. 17 93.24 84.74 84. 88 169.60
2.00 10. 55 13. 24 12. 64 10.93 23.60
2. 20 7.82 9.66 9.35 7.92 17. 30
2. 40 6. 17 7.56 7. 40 6. 12 13. 50
2.60 5. 17 6.37 6. 25 5. 03 11. 30
-31-
2.80 4.44 5. 46 5. 36 4. 23 9.60
3.00 3.91 4.79 4. 71 3.64 8.30
3. 50 3.10 3. 61 3.70 2.70 6.40
4. 00 2.65 3.25 3. 08 2. 13 5.20
5.00 2. 21 2. 72 2. 37 1.44 3.80
6.00 2. 05 2.53 1. 91 0.97 2.90
8. 00 2. 11 2.61 1.28 0. 17 1.50
10. 00 2. 55 3. 16 0.61 -0. 83 -0.20
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 2
V2/V1 f 1 f2 FI F2 F1+F2
0. 05 2.56 3.64 -2.29 -1.05 -3.30
0. 06 2. 03 2. 89 -1.46 -0. 43 -1.90
0. 08 1.55 2.22 -0. 66 0.21 -0.50
0. 10 1. 41 1.98 -0. 26 0.50 0.20
0. 15 1.27 1.80 0.28 1. 02 1.30
0.20 1.32 1.87 0.57 1.34 1.90
0. 25 1.41 2. 01 0.85 1.65 2.50
0.30 1.60 2.25 1. 15 1.99 3. 10
0.40 2. 00 2. 83 1.68 2.66 4.30
0.50 2.60 3.66 2. 41 3.51 5. 90
0.60 3. 48 4.92 3.42 4.71 8. 10
0.80 6. 19 8. 86 6.54 8.22 14. 80
1.20 18.72 26.32 21.46 22.91 44.40
1.40 22. 77 32. 05 27. 00 27. 00 54. 00
1.60 20. 46 28.55 24. 89 23.40 48. 30
2. 40 6. 78 9.59 9. 05 7. 04 16. 10
2.60 5.62 8. 13 7. 73 5.72 13.40
2.80 4. 78 6. 76 6. 55 4.73 11.30
3. 00 4. 18 5.97 5.83 4. 03 9.90
3.50 3. 21 4.56 4.53 2.88 7.40
4. 00 2.67 3. 77 3.76 2.22 6. 00
5. 00 2. 12 2.99 2.91 1.45 4. 40
6. 00 1.87 2.65 2.44 0.99 3. 40
8. 00 1.75 2.50 1.86 0.29 2. 10
10. 00 1.89 2.69 1. 40 -0.41 1. 00
t*****************************************
J1 = 2. 5
V2/V1 f 1 f2 FI F2 F1+F2
0. 05 2. 77 4. 37 -3. 07 -1.31 -4. 40
0. 06 2. 05 3.24 -1.88 -0.52 -2.40
0. 08 1. 49 2.37 -0.91 0. 19 -0. 70
0. 10 1.32 2. 10 -0.52 0.50 0. 00
0. 15 1. 15 1.83 0. 05 0.99 1. 00
0.20 1. 17 1.85 0.35 1.28 1.60
0.25 1.22 1.94 0.58 1.56 2. 10
0. 30 1.32 2. 10 0.81 1.83 2.60
0. 40 1.61 2.54 1.26 2.38 3.60
0.50 1.98 3. 12 1. 72 2.98 4. 70
0.60 2.50 3. 95 2.37 3.77 6. 10
0. 80 3. 95 6.29 4. 10 5.81 9.90
1.20 9.02 14.21 10. 48 12. 13 22.60
-32-
1. 40 11.51 18. 15 13. 98 14. 87 28. 90
1. 60 12. 63 19. 80 15. 90 15. 64 31. 50
1. 80 11.54 18. 08 15. 03 13. 79 28. 80
2. 00 9.81 15. 31 13. 16 11. 31 24. 50
3. 00 4.21 6. 65 6. 33 4. 21 10. 50
3. 50 3.22 5. 09 5. 00 3. 01 8. 00
4. 00 2. 65 4. 18 4. 19 2. 27 6. 50
5. 00 2. 04 3. 22 3. 26 1. 46 4. 70
6. 00 1. 75 2. 78 2. 76 0., 99 3. 80
8. 00 1.54 2. 45 2. 20 0. 36 2. 60
10. 00 1.56 2. 48 1. 81 -0., 19 1. 60
12. 00 1. 71 2. 73 1. 51 -0, 85 0. 70
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 3
V2/V1 f 1 f2 FI F2 F1+F2
0. 05 2. 85 4.91 -3.60 — 1.48 -5. 10
0. 06 2. 10 3.64 -2.32 -0. 63 —3. 00
0. 08 1.46 2.54 -1. 14 0. 15 -1. 00
0. 10 1.25 2. 17 -0.67 0. 49 — 0.20
0. 15 1. 07 1.85 -0. 09 0.96 0.90
0. 20 1. 06 1.83 0.18 1.23 1. 40
0.25 1. 08 1.88 0. 41 1.48 1.90
0.30 1. 15 2. 00 0.59 1.72 2. 30
0.40 1.37 2.35 0.98 2. 18 3.20
0.50 1.60 2.79 1.32 2.65 4. 00
0.60 1.94 3.38 1.74 3.21 5. 00
0. 80 2. 87 5. 01 2.91 4.61 7. 50
1.20 5. 67 9.80 6.59 8.28 14. 90
1.40 7.22 12.46 8. 84 10. 07 18.90
1.60 8.24 14. 21 10.54 10.99 21.50
1. 80 8. 41 14.47 11. 19 10. 75 21.90
2. 00 7. 93 13.58 10. 94 9. 72 20. 70
2.20 7. 11 12. 06 10. 08 8.35 18. 40
2.40 6. 12 10.47 8.98 6.98 16. 00
4. 00 2.58 4.57 4. 48 2.28 6.80
5. 00 1.97 3. 43 3.50 1.46 5. 00
6. 00 1.66 2.89 2.98 1. 00 4. 00
8. 00 1.41 2.45 2.40 0.40 2.80
10. 00 1.35 2.37 2. 06 -0. 06 2.00
12. 00 1. 43 2. 49 1.79 -0.58 1. 20
e****************************************^
ri = 4 
V2/V1 f 1 f2 FI F2 F1+F2
0. 05 3. 01 6. 04 -4. 65 -1.79 -6. 40
0. 06 2. 10 4.22 -2.89 -0.75 -3. 60
0. 08 1.41 2. 82 -1. 49 0. 10 -1.40
0. 10 1. 17 2. 34 -0. 94 0.44 -0. 50
0. 15 0.93 1.90 — 0.30 0.93 0. 60
0.20 0. 91 1. 82 — 0. 03 1. 17 1. 10
0. 25 0. 91 1.82 0. 16 1.38 1.50
0. 30 0. 94 1. 89 0.34 1.57 1.90
0. 40 1. 05 2. 10 0.60 1.91 2. 50
-33-
0. 50 1. 19 2.40 0.87 2. 25 3. 10
0.60 1. 41 2.82 1. 17 2.66 3. 80
0. 80 1. 85 3. 74 1. 76 3. 43 5.20
1.20 3. 21 6.38 3. 66 5. 36 9.00
1. 40 3.89 7.76 4. 72 6.20 10.90
1. 60 4.52 9.03 5. 80 6. 86 12. 70
1. 80 4.92 9.82 6. 62 7. 11 13. 70
2.00 5. 03 10. 06 7. 10 6.96 14. 10
2.20 4. 94 9.87 7.25 6.54 13. 80
2. 40 4. 72 9.38 7. 19 5. 96 13.20
2.60 4. 40 8.70 6.93 5.33 12.30
2. 80 4. 00 7. 97 6. 51 4.70 11.20
3. 00 3.73 7.28 6. 20 4. 14 10. 30
5. 00 1.85 3. 75 3.73 1.46 5.20
6. 00 1.53 3. 11 3.23 0. 99 4.20
8. 00 1. 25 2.50 2.64 0. 44 3. 10
10. 00 1. 14 2. 29 2.32 0. 06 2.40
12. 00 1. 13 2.26 2. 10 -0.30 1.80
14. 00 1. 17 2.34 1.92 -0. 68 1.20
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 5
V2/V1 f 1 f2 FI F2 F1+F2
0. 06 2. 10 4. 71 -3. 31 -0. 86 -4.20
0. 08 1.36 3. 02 -1. 69 0. 05 -1.60
0. 10 1. 12 2. 49 -1. 14 0. 41 -0. 70
0. 15 0.85 1.94 -0.44 0.89 0.40
0, 20 0.81 1. 83 -0. 18 1. 12 0. 90
0.25 0. 80 1.79 0. 03 1.30 1.30
0. 30 0.81 1.82 0. 17 1. 47 1.60
0.40 0. 88 1.97 0. 42 1.75 2.20
0.50 0. 97 2. 19 0.61 2.03 2.60
0.60 1. 10 2.48 0.82 2. 31 3. 10
0. 80 1.41 3. 18 1.26 2.90 4.20
1. 20 2.22 4.93 2.45 4. 13 6.60
1.40 2. 64 5. 88 3. 13 4.67 7.80
1.60 3. 07 6. 83 3.87 5. 15 9. 00
1. 80 3.37 7.52 4. 48 5. 38 9.90
2.00 3. 59 8. 01 5. 04 5.46 10.50
2.20 3. 68 8.20 5. 40 5.33 10. 70
2. 40 3.65 8. 14 5.60 5. 05 10. 70
2. 60 3. 54 7.88 5. 66 4.69 10.30
2. 80 3. 36 7.49 5. 56 4.27 9.80
3. 00 3. 19 7. 08 5. 45 3. 87 9.30
3.50 2. 70 6. 01 4.98 2.99 8.00
4. 00 2. 32 5. 11 4.52 2.30 6. 80
6. 00 1.46 3.27 3.31 1. 00 4.30
8. 00 1. 15 2.58 2. 77 0.45 3. 20
10. 00 1. 02 2.29 2.45 0. 12 2.60
12. 00 0. 97 2. 18 2.26 -0. 17 2. 10
14. 00 0. 97 2. 17 2. 10 -0.46 1.60
16. 00 0.99 2.22 1. 97 -0. 74 1. 20
— 34 -
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 6
V2/V1 f 1 f2 FI F2 F1+F2
0.08 1. 31 3.23 -1. 88 0.02 -1.90
0. 10 1. 08 2.60 -1.25 0.38 -0. 90
0. 15 0.80 1.97 -0.53 0. 85 0. 30
0.20 0. 74 1.83 — 0. 26 1. 08 0. 80
0.25 0. 72 1.78 -0. 07 1.25 1. 20
0. 30 0.73 1. 79 0.07 1. 40 1.50
0.40 0. 77 1. 89 0.28 1.65 1.90
0. 50 0. 84 2. 06 0. 46 1.87 2.30
0.60 0. 92 2.27 0.60 2. 11 2.70
0. 80 1. 15 2.84 0.97 2.58 3.60
1.20 1.68 4. 12 1.78 3.44 5. 20
1.40 2. 03 4.92 2. 34 3.90 6.20
1.60 2. 30 5.61 2. 83 4.21 7. 00
1.80 2. 57 6. 26 3. 36 4. 46 7. 80
2. 00 2. 73 6. 69 3.77 4.52 8.30
2.20 2.87 7. 01 4. 16 4.51 8. 70
2.40 2. 92 7. 15 4.46 4.38 8.80
2.60 2. 91 7. 12 4.64 4. 16 8. 80
2.80 2.85 6.96 4.72 3. 89 8.60
3. 00 2. 74 6.71 4.72 3.59 8.30
3.50 2. 46 5. 98 4.59 2. 88 7.50
4. 00 2. 17 5.23 4. 32 2.28 6.60
5. 00 1.69 4. 12 3.74 1.48 5.20
8. 00 1. 07 2.69 2. 84 0.44 3. 30
10. 00 0.94 2.32 2.54 0. 15 2. 70
12. 00 0. 88 2. 16 2.35 -0. 10 2.20
14. 00 0.86 2. 10 2. 21 — 0.33 1. 90
16. 00 0. 86 2. 09 2.09 -0. 55 1.50
18. 00 0. 87 2. 15 1. 99 -0. 81 1.20
*******************************************
r i  = 8
V2/V1 f 1 f2 FI F2 F1+F2
0. 10 1. 00 2. 81 -1.44 0. 33 -1. 10
0. 15 0. 73 2. 06 -0. 66 0.80 0. 10
0.20 0. 65 1.86 -0. 38 1. 01 0.60
0.25 0.62 1. 77 -0. 19 1. 17 1. 00
0. 30 0.61 1.75 -0. 06 1.30 1.20
0.40 0.64 1.80 0. 13 1.50 1.60
0.50 0.67 1.90 0.26 1.69 2. 00
0.60 0.73 2.06 0. 39 1.85 2. 20
0.80 0. 84 2. 42 0. 60 2. 18 2. 80
1. 20 1.20 3.37 1. 18 2. 80 4. 00
1.40 1.37 3. 85 1.47 3. 04 4.50
1.60 1.53 4.33 1.75 3.24 5. 00
1.80 1. 75 4.88 2. 16 3.45 5.60
2. 00 1.85 5.23 2.44 3.51 5.90
2.20 1.99 5.60 2. 76 3.. 56 6.30
2. 40 2.09 5. 86 3.07 3.54 6. 60
2. 60 2. 13 5. 99 3.29 3.45 6.70
2. 80 2. 14 6. 05 3. 46 3.31 6. 80
- 35 -
3.00 2. 14 6. 03 3. 61 3. 14 6.70
3. 50 2. 04 5. 74 3.78 2.66 6. 40
4. 00 1.87 5. 28 3.77 2.19 6.00
5. 00 1. 55 4. 36 3.54 1.46 5.00
6.00 1. 31 3.63 3.29 0.97 4. 30
10. 00 0.84 2.43 2. 61 0.17 2.80
12. 00 0. 77 2.20 2. 44 -0. 04 2. 40
14. 00 0.73 2. 07 2.31 -0.21 2.10
16. 00 0. 71 2. 00 2.20 -0. 36 1. 80
18. 00 0. 70 1.99 2. 13 -0.54 1.60
20. 00 0.71 2. 01 2. 06 -0. 71 1. 40
r****************************************i
'1 = 10 
V2/V1 f 1 f2 FI F2 F1+F2
0. 15 0.67 2. 14 -0.74 0.76 0. 00
0. 20 0. 60 1.90 -0.47 0.96 0.50
0.25 0.56 1.78 -0.26 1. 10 0.80
0.30 0.54 1. 74 -0. 14 1.23 1. 10
0.40 0.55 1.75 0. 03 1.41 1.40
0.50 0.58 1.82 0. 16 1.56 1.70
0. 60 0.61 1. 93 0. 25 1.71 2. 00
0. 80 0.70 2. 23 0. 44 1.96 2.40
1.20 0. 92 2. 92 0. 83 2.41 3.20
1.40 1. 07 3. 36 1. 08 2.63 3.70
1.60 1. 18 3.73 1.27 2.78 4. 00
1.80 1.31 4. 13 1.52 2.91 4.40
2. 00 1.41 4. 46 1.74 2.98 4.70
2. 20 1.55 4. 83 2. 04 3. 06 5. 10
2.40 1.62 5. 08 2.26 3. 04 5.30
2.60 1.67 5. 27 2.47 3.00 5. 50
2. 80 1.71 5. 40 2.65 2.92 5.60
3. 00 1.75 5. 50 2. 85 2.82 5.70
3. 50 1.73 5. 46 3. 12 2.48 5.60
4. 00 1.65 5.21 3.27 2. 10 5.40
5. 00 1. 43 4.51 3. 27 1. 45 4. 70
6. 00 1.22 3.87 3. 15 0.99 4. 10
8. 00 0.96 2.99 2.85 0. 45 3.30
12. 00 0. 72 2.27 2.47 -0. 01 2.50
14. 00 0. 67 2. 10 2. 36 -0. 15 2.20
16. 00 0.64 2. 00 2.26 -0.29 2. 00
18. 00 0. 61 1.95 2. 19 -0.42 1. 80
20. 00 0. 61 1.93 2. 13 -0.54 1. 60
25. 00 0.62 1. 97 2. 00 -0. 89 1. 10
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 15
V2/V1 f 1 f2 FI F2 F1+F2
0.20 0.52 2. 01 -0.57 0. 87 0.30
0. 25 0. 48 1. 84 -0. 37 1. 00 0.60
0. 30 0.45 1. 76 -0.25 1.11 0.90
0. 40 0. 44 1. 71 -0. 08 1.26 1.20
0.50 0. 44 1. 73 0. 03 1. 39 1.40
0. 60 0. 46 1. 80 0. 09 1. 49 1. 60
-36-
0.80 0.51 1.99 0. 21 1.67 1.90
1. 20 0.63 2.45 0. 45 1.96 2. 40
1. 40 0.70 2.72 0.58 2.09 2.70
1. 60 0.78 3.00 0.69 2. 20 2.90
1.80 0. 85 3.27 0.82 2. 27 3. 10
2. 00 0. 93 3.57 0.98 2.35 3.30
2. 20 1. 00 3. 85 1. 13 2. 40 3.50
2. 40 1. 05 4. 07 1.27 2. 41 3.70
2.60 1. 11 4.29 1.42 2. 40 3. 80
2.80 1, 16 4. 48 1.57 2.38 3.90
3. 00 1.20 4.62 1.69 2.32 4. 00
3.50 1.28 4. 90 2. 07 2. 16 4.20
4. 00 1.29 4.95 2.31 1.91 4. 20
5. 00 1.21 4.69 2.61 1.41 4. 00
6. 00 1. 09 4.25 2.73 0.99 3.70
8. 00 0.88 3.41 2.69 0.45 3. 10
10. 00 0. 74 2. 85 2.57 0. 17 2.70
12. 00 0. 65 2. 49 2.47 -0. 02 2.40
18. 00 0. 52 2. 01 2.24 -0.31 1.90
20. 00 0. 50 1. 96 2.20 -0. 41 1.80
25. 00 0. 47 1.85 2. 10 -0. 59 1.50
30. 00 0. 48 1.85 2. 03 -0. 80 1.20
n  = 20
V2/V1 f 1 f2 FI F2 F1+F2
0.25 0. 43 1.91 -0.43 0.93 0. 50
0.30 0.40 1.80 -0.30 1.03 0.70
0. 40 0.39 1.72 -0. 15 1. 17 1. 00
0. 50 0. 38 1.72 -0. 04 1.27 1.20
0.60 0. 39 1.75 0. 02 1.37 1.40
0.80 0. 41 1.89 0. 11 1.51 1.60
1.20 0.50 2.24 0.28 1.75 2. 00
1.40 0.55 2. 45 0. 37 1.83 2.20
1.60 0.60 2.68 0.43 1.91 2.30
1.80 0. 65 2.91 0.52 1.98 2.50
2. 00 0. 70 3. 13 0. 60 2. 03 2.60
2.20 0. 76 3. 37 0. 71 2. 08 2. 80
2.40 0. 80 3.59 0.81 2.09 2.90
2.60 0. 85 3. 80 0.93 2. 10 3. 00
2. 80 0.91 4. 02 1. 06 2. 10 3.20
3. 00 0. 95 4. 19 1. 17 2. 08 3. 20
3. 50 1. 01 4.52 1.42 1.96 3. 40
4. 00 1. 06 4.72 1.66 1.78 3. 40
5. 00 1. 07 4.75 2. 07 1.37 3.40
6. 00 1. 01 4. 50 2.33 0.98 3.30
8. 00 0. 85 3.79 2. 48 0. 43 2.90
10. 00 0.71 3.20 2.46 0. 14 2.60
12. 00 0. 62 2.78 2.41 -0. 05 2.40
14. 00 0. 56 2.50 2.35 -0. 15 2.20
16. 00 0. 52 2.28 2.29 -0.25 2. 00
25. 00 0.41 1. 89 2. 12 -0.51 1.60
30.00 0. 40 1.82 2. 07 -0.63 1.40
35. 00 0. 40 1.81 2. 02 -0.79 1.20
40. 00 0. 41 1.84 1.98 -0.95 1. 00
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 25
V2/V1 f 1 f2 FI F2 F1+F2
0.30 0.37 1. 86 -0. 33 0.97 0.60
0. 40 0. 35 1.75 -0. 18 1. 11 0.90
0.50 0. 35 1.72 -0. 09 1.21 1. 10
0.60 0. 35 1.74 -0. 02 1.28 1.30
0. 80 0. 36 1. 84 0. 06 1.42 1.50
1.20 0. 43 2. 14 0. 19 1.62 1.80
1. 40 0. 46 2.31 0. 25 1.69 1.90
1.60 0.50 2.50 0. 29 1.75 2. 00
1. 80 0.54 2.70 0.35 1.80 2.20
2. 00 0.58 2. 91 0. 42 1. 84 2.30
2.20 0.62 3. 11 0.48 1.88 2. 40
2. 40 0. 66 3. 31 0.55 1.90 2.50
2.60 0. 70 3.51 0.63 1.91 2.50
2. 80 0. 74 3.71 0. 72 1.91 2.60
3. 00 0. 78 3.87 0. 80 1.89 2. 70
3.50 0. 87 4.28 1. 05 1.83 2.90
4. 00 0. 91 4. 55 1.26 1.69 2.90
5. 00 0.96 4.79 1.64 1.34 3. 00
6. 00 0. 94 4. 69 1.97 0.97 2.90
8. 00 0.82 4. 11 2.26 0.42 2.70
10. 00 0.70 3.52 2.33 0. 11 2.40
12. 00 0.62 3. 07 2.33 -0. 09 2.20
14. 00 0. 55 2.74 2.30 -0.20 2. 10
16. 00 0. 50 2.48 2.26 -0.28 2.00
18. 00 0. 46 2.31 2.23 -0.33 1.90
20. 00 0. 44 2. 17 2.20 -0.39 1.80
30. 00 0. 37 1.86 2.09 -0.58 1.50
35. 00 0.36 1.81 2. 04 -0.67 1.40
40. 00 0. 36 1.80 2. 01 — 0.80 1.20
t*****************************************
ri = 30 
V2/V1 f 1 f2 FI F2 F1+F2
0.40 0. 32 1.78 -0.20 1. 05 0.90
0.50 0.32 1.74 -0. 11 1, 15 1.00
0.60 0.32 1.74 -0. 06 1.23 1.20
0. 80 0.33 1. 83 0. 02 1.34 1. 40
1.20 0.37 2. 07 0. 12 1.52 1.60
1. 40 0. 41 2.24 0. 18 1.59 1. 80
1.60 0.44 2.40 0.20 1.64 1.80
1.80 0. 47 2.58 0.24 1.69 1. 90
2. 00 0.51 2. 76 0.29 1.72 2.00
2.20 0. 54 2.95 0.34 1.75 2. 10
2.40 0. 57 3. 14 0.39 1.77 2.20
2.60 0.61 3.32 0.45 1.78 2. 20
2.80 0. 64 3. 51 0. 50 1.79 2. 30
3.00 0.67 3.68 0.56 1. 77 2.30
3.50 0.75 4. 09 0. 75 1. 72 2.50
4. 00 0.81 4. 42 0. 96 1.61 2.60
5. 00 0.87 4. 79 1. 30 1.31 2.60
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6.00 0.88 4.86 1.63 0.97 2.60
8. 00 0.81 4. 42 2. 04 0. 40 2.40
10.00 0.70 3. 85 2. 18 0. 07 2.30
12. 00 0.61 3.37 2.24 -0. 13 2. 10
14. 00 0. 55 2.99 2.25 -0.26 2.00
16. 00 0. 50 2.70 2.22 -0.32 1. 90
18. 00 0. 46 2.49 2.21 — 0.38 1.80
20. 00 0. 43 2. 33 2. 19 -0. 41 1. 80
25. 00 0.38 2. 08 2. 13 -0. 49 1.60
40. 00 0. 32 1. 82 2. 02 -0. 74 1.30
50. 00 0.33 1.81 1.97 -0. 90 1. 10
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 40
V2/V1 f 1 f2 FI F2 F1+F2
0.50 0.28 1.79 -0. 14 1. 06 0. 90
0.60 0.28 1.78 -0. 10 1. 14 1. 00
0.80 0.29 1.82 -0. 03 1.25 1.20
1.20 0.32 2. 02 0. 06 1.39 1.40
1.40 0. 34 2. 15 0.09 1. 45 1.50
1.60 0.36 2.29 0.09 1.49 1.60
1.80 0. 39 2. 45 0. 12 1.54 1.70
2. 00 0. 41 2.61 0. 15 1.56 1.70
2. 20 0. 44 2.77 0. 16 1.59 1.70
2.40 0. 47 2.94 0. 19 1.61 1.80
2.60 0. 49 3. 10 0.22 1.61 1.80
2. 80 0. 52 3.28 0.25 1.61 1. 90
3. 00 0. 55 3.45 0.30 1.61 1. 90
3.50 0. 61 3. 86 0. 40 1. 57 2. 00
4. 00 0. 67 4.23 0.51 1.50 2. 00
5. 00 0. 75 4.77 0. 80 1.26 2. 10
6. 00 0.80 5. 05 1. 16 0. 96 2. 10
8. 00 0.79 4. 99 1.61 0.37 2. 00
10. 00 0. 71 4.47 1.89 0. 00 1.90
12. 00 0. 63 3.95 2. 05 — 0. 23 1. 80
14. 00 0.56 3.53 2. 10 -0.37 1. 70
16. 00 0.50 3. 17 2. 12 -0.43 1.70
18. 00 0. 46 2.91 2. 13 -0.49 1.60
20. 00 0. 43 2. 70 2. 13 -0, 50 1.60
25. 00 0.37 2.33 2. 10 -0.57 1.50
30. 00 0. 33 2. 08 2. 08 -0. 61 1. 50
50. 00 0.29 1. 83 1.99 -0.79 1.20
60. 00 0.29 1. 83 1.96 -0.91 1. 10
^*** ************************■*■************,
n  = 50 
V2/V1 f 1 f2 FI F2 F1+F2
0. 60 0.26 1.82 -0. 12 1. 07 1. 00
0.80 0.26 1. 85 -0. 06 1. 17 1. 10
1.20 0. 28 2. 00 0. 02 1.31 1. 30
1.40 0. 30 2. 11 0. 04 1.35 1. 40
1.60 0.32 2.24 0. 04 1. 40 1. 40
1.80 0.34 2. 38 0. 05 1. 43 1.50
2.00 0. 35 2. 52 0. 05 1. 46 1. 50
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2.20 0.38 2.68 0. 06 1. 48 1.50
2. 40 0. 40 2.84 0. 08 1.50 1.60
2.60 0. 42 2.99 0. 10 1.51 1.60
2. 80 0. 44 3. 15 0. 10 1.51 1.60
3. 00 0. 47 3.31 0. 12 1.51 1. 60
3.50 0.53 3.72 0. 19 1.47 1. 70
4. 00 0.58 4. 11 0.26 1. 42 1.70
5. 00 0.67 4.78 0. 45 1.22 1. 70
6. 00 0.73 5. 22 0. 74 0. 95 1.70
8. 00 0. 77 5. 43 1.25 0.37 1.60
10. 00 0. 72 5. 09 1.59 -0. 07 1.50
12. 00 0.65 4.55 1. 83 — 0. 33 1.50
14. 00 0.58 4. 09 1.94 — 0. 48 1.50
16. 00 0. 52 3.66 2. 01 -0. 55 1.50
18. 00 0. 47 3.35 2. 04 -0.61 1.40
20. 00 0. 44 3. 09 2. 06 -0. 62 1.40
25. 00 0.37 2.62 2. 06 -0.65 1.40
30. 00 0. 33 2. 33 2. 06 -0. 67 1.40
35. 00 0.30 2. 15 2. 04 — 0. 68 1.40
40. 00 0. 29 2. 02 2. 03 -0. 72 1.30
60. 00 0. 26 1. 85 1.97 — 0. 83 1. 10
70. 00 0. 26 1.85 1.94 -0.92 1. 00
ri = 6 0  
V2/V1 f 1 f2 FI F2 F1+F2
0. 80 0. 24 1. 87 — 0. 08 1. 12 1. 00
1.20 0.26 2. 00 -0. 02 1.25 1.20
1.40 0. 27 2. 11 0. 01 1.29 1. 30
1.60 0. 29 2.22 -0. 01 1. 32 1.30
1.80 0.30 2.35 0. 00 1.36 1.40
2. 00 0. 32 2.48 0. 01 1.38 1.40
2.20 0. 34 2.62 0. 00 1.41 1.40
2.40 0.35 2.77 0. 00 1.42 1.40
2.60 0. 38 2.93 0. 01 1.43 1.40
2. 80 0. 40 3. 09 0. 01 1.43 1.40
3. 00 0. 42 3.24 0. 02 1.43 1.40
3.50 0. 47 3. 63 0. 04 1.41 1.40
4. 00 0.53 4. 04 0. 08 1.36 1.40
5. 00 0. 61 4. 76 0. 21 1. 18 1.40
6. 00 0. 69 5.36 0. 41 0.94 1.30
8. 00 0. 75 5. 82 0. 92 0. 35 1.30
10. 00 0. 73 5.68 1.29 -0. 11 1.20
12. 00 0.68 5. 24 1.58 -0. 45 1. 10
14. 00 0. 61 4.64 1.78 -0.60 1.20
16. 00 0. 55 4. 19 1.88 -0. 68 1.20
18. 00 0. 49 3.80 1.95 -0.73 1.20
20. 00 0.46 3. 52 1.98 -0. 76 1.20
25. 00 0.38 2.95 2. 02 -0.77 1.20
30. 00 0.33 2.59 2. 03 -0.76 1.30
35. 00 0.30 2.34 2. 02 -0.76 1. 30
40. 00 0. 28 2. 18 2. 02 -0 . 76 1.30
50. 00 0. 26 2. 01 1.99 -0. 77 1. 20
80. 00 0. 24 1. 89 1. 94 -0.97 1. 00
- 40 -
Focal lengths and distances of three-element lenses. 
The length of the second element is L2 = 2.5
V3/V1 = 1
V2/V1 f 1 f2 FI F2 F1+F2
0. 05 -11.79 -11.79 13.68 13.68 27.40
0. 06 16. 72 16.72 -14.72 -14.72 -29.40
0. 08 3. 75 3. 75 -1.53 -1.53 -3. 10
0. 10 2. 75 2. 75 -0. 31 -0. 31 -0. 60
0, 15 2. 18 2. 18 0. 90 0.90 1.80
0.20 2.28 2.28 1.45 1.45 2.90
0, 25 2.57 2.57 2. 01 2. 01 4. 00
0, 30 3. 06 3. 06 2.66 2.66 5. 30
0. 40 4.53 4. 53 4.31 4.31 8. 60
0.50 7.22 7.22 7. 10 7. 10 14.20
0.60 13. 10 13. 10 13. 03 13. 03 26. 10
0.80 77.51 77.51 77.49 77. 49 155.00
1.20 93. 99 93.99 93. 98 93.98 188.00
1. 40 28. 15 28. 15 28. 12 28. 12 56.20
1.60 14.83 14.83 14.76 14.76 29. 50
1. 80 9. 80 9. 80 9.69 9.69 19. 40
2. 00 7.31 7.31 7. 15 7. 15 14.30
2.20 5.87 5.87 5.66 5.66 11.30
2.40 4. 96 4.96 4.70 4. 70 9. 40
2.60 4. 35 4. 35 4. 02 4. 02 8. 00
2. 80 3. 92 3. 92 3. 51 3.51 7. 00
3. 00 3. 60 3. 60 3. 13 3. 13 6.30
3.50 3. 12 3. 12 2. 44 2.44 4.90
4. 00 2.90 2.90 1.95 1.95 3.90
5. 00 2. 84 2.84 1. 19 1. 19 2.40
6. 00 3. 17 3. 17 0. 42 0.42 0.80
1^ = 1. 
V2/V1
5
f 1 f2 FI F2 F1+F2
0. 05 -3. 59 -4. 44 6.61 5. 07 11.70
0. 06 -9. 59 -11.90 14. 87 10.64 25. 50
0. 08 5. 87 7.21 -5.88 —3. 30 -9.20
0. 10 3. 15 3.82 -1.98 -0.64 -2.60
0. 15 1.98 2. 46 -0. 05 0.88 0.80
0. 20 1.91 2.33 0.65 1.41 2. 10
0. 25 1. 98 2.45 1. 07 1.87 2.90
0.30 2. 20 2.70 1. 48 2.33 3. 80
0. 40 2.89 3.53 2. 44 3. 35 5.80
0.50 3.95 4. 83 3.65 4.73 8. 40
0. 60 5. 71 7. 02 5.57 6.89 12.50
0. 80 13. 45 16.62 13.94 15. 89 29. 80
1.20 77. 28 93.38 84.83 85. 03 169.90
2.00 10.60 13.31 12. 88 10. 78 23.70
2.20 7. 89 9. 75 9.59 7.81 17.40
2. 40 6.26 7.68 7. 62 6.03 13.60
2. 60 5.27 6.49 6.46 4.94 11.40
2.80 4. 55 5.60 5.57 4. 14 9. 70
3. 00 4. 04 4.94 4.90 3.56 8.50
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3. 50 3.25 3. 99 3. 87 2.60 6. 50
4.00 2. 83 3.47 3.23 2.00 5.20
5. 00 2. 46 3.03 2. 46 1.21 3. 70
6. 00 2. 41 2.97 1.91 0.58 2.50
8. 00 2.93 3.62 0. 92 -0.92 0.00
******************************************
VI = 2 
V2/V1 f 1 f2 FI F2 F1+F2
0. 05 -2. 37 -3. 36 5.52 3.76 9.30
0.06 -4. 58 -6.54 9. 27 5. 77 15. 00
0. 08 10. 69 15.30 -15.87 -7.27 -•23. 10
0. 10 3.54 4.97 -3.72 -0.97 -4.70
0. 15 1.84 2.62 -0. 63 0.86 0.20
0.20 1.66 2.37 0. 05 1.37 1.40
0.25 1.65 2.35 0. 51 1.76 2.30
0.30 1.78 2.51 0.91 2. 15 3. 10
0.40 2. 12 3. 00 1.51 2.86 4. 40
0.50 2. 69 3.79 2.25 3. 74 6. 00
0. 60 3. 54 5. 01 3.25 4.94 8.20
0.80 6.21 8.88 6.32 8.47 14.80
1.20 18.77 26.38 21.31 23. 15 44.50
1. 40 22. 88 32.20 27. 11 27. 13 54.20
1. 60 20. 52 28. 63 25. 13 23. 29 48. 40
2. 40 6. 79 9.61 9. 30 6.82 16. 10
2.60 5. 64 8. 16 7.98 5.51 13.50
2.80 4. 82 6.81 6. 80 4.54 11.30
3. 00 4.22 6. 04 6. 08 3.84 9.90
3.50 3. 28 4.67 4. 77 2.71 7.50
4. 00 2. 77 3.90 3. 98 2. 03 6. 00
5. 00 2. 26 3. 19 3. 11 1.22 4.30
6. 00 2. 06 2. 93 2.59 0. 66 3. 30
8. 00 2. 13 3. 04 1. 89 -0.40 1.50
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
V3/V1 = 2 . 5
V2/ VI f 1 f2 FI F2 F1+F2
0. 05 -1.85 — 2 .91 5. 03 3. 21 8. 20
0. 06 -3.25 -5. 14 7. 77 4. 46 12. 20
0. 08 22.80 36. 30 -41. 72 -17. 16 -58. 90
0. 10 3.96 6. 30 -5. 69 -1. 30 -7. 00
0. 15 1.75 2. 78 -1. 13 0. 85 -0. 30
0. 20 1.50 2. 38 -0. 30 1. 33 1. 00
0. 25 1. 44 2. 30 0. 14 1. 69 1. 80
0. 30 1.48 2. 36 0. 48 2. 00 2. 50
0. 40 1.72 2. 71 1. 02 2. 59 3. 60
0, 50 2. 05 3. 24 1. 52 3. 21 4. 70
0. 60 2.55 4. 03 2. 16 4. 01 6. 20
0. 80 3.96 6. 31 3. 87 6. 05 9. 90
1. 20 9. 04 14. 25 10. 28 12. 37 22. 70
1. 40 11.59 18. 28 13. 94 15. 09 29. 00
1. 60 12. 74 19. 97 16. 04 15. 74 31. 80
1, 80 11. 61 18. 19 15. 25 13. 73 29. 00
2. 00 9.84 15. 36 13. 41 11. 12 24. 50
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3. 00 4. 22 6.67 6. 58 3.98 10.60
3. 50 3. 25 5. 13 5. 25 2.79 8. 00
4. 00 2. 69 4. 25 4. 43 2.05 6. 50
5. 00 2. 12 3.34 3. 49 1.23 4. 70
6. 00 1. 86 2.96 2. 98 0.70 3.70
8. 00 1. 74 2. 78 2.36 -0. 15 2.20
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 3
V2/V1 f 1 f2 FI F2 F1+F2
0. 05 -1.60 -2.76 4. 84 2.94 7.80
0. 06 -2. 54 -4.39 6.92 3. 76 10. 70
0. 08-• 144. 46- 251.47 309.79 119.71 429.50
0. 10 4.23 7. 35 -7.24 -1.53 -8. 80
0. 15 1.66 2. 89 -1.48 0. 83 -0.60
0.20 1.39 2.40 -0.59 1.30 0. 70
0. 25 1. 29 2.25 -0. 10 1.63 1.50
0.30 1.30 2.27 0.20 1.91 2. 10
0.40 1.46 2.52 0.70 2.40 3. 10
0. 50 1.66 2. 90 1. 09 2.89 4. 00
0.60 1.98 3. 44 1.51 3.45 5. 00
0.80 2. 88 5. 02 2.67 4.86 7. 50
1.20 5.68 9.82 6.37 8.53 14.90
1.40 7. 28 12.56 8.72 10. 31 19. 00
1.60 8. 34 14.38 10. 57 11. 17 21.70
1.80 8.51 14.65 11.34 10.81 22.20
2. 00 8. 01 13.71 11. 15 9.66 20. 80
2.20 7. 15 12. 13 10.32 8. 19 18.50
2.40 6. 14 10.50 9.23 6.76 16. 00
4. 00 2.59 4.59 4. 73 2. 05 6. 80
5. 00 2. 01 3.50 3. 75 1.22 5. 00
6. 00 1.73 3. 01 3.21 0.72 3.90
8. 00 1.53 2.67 2.61 -0. 02 2.60
10. 00 1.57 2.74 2.23 -0.73 1.50
r*****************************************
ri = 4
V2/V1 f 1 f2 FI F2 F1+F2
0. 05 -1.29 -2.59 4. 58 2.59 7. 20
0. 06 -1. 94 -3. 89 6. 29 3. 17 9.50
0. 08 -11.44 -22.80 30. 18 10. 83 41. 00
0. 10 5. 08 10. 13 -11.11 -2.23 -13.30
0. 15 1.52 3. 08 -2. 01 0.82 -1.20
0. 20 1.22 2, 44 -0. 96 1.26 0. 30
0.25 1. 10 2.20 -0, 45 1.55 1. 10
0.30 1. 07 2. 15 -0. 12 1.77 1.60
0. 40 1. 12 2.26 0.27 2. 14 2.40
0.50 1.24 2.49 0. 59 2.49 3. 10
0. 60 1.44 2. 88 0. 92 2.91 3. 80
0. 80 1.86 3.75 1. 51 3.68 5.20
1.20 3. 22 6.40 3.42 5,61 9.00
1. 40 3. 92 7.83 4. 53 6.44 11. 00
1.60 4.59 9. 16 5.69 7. 08 12. 80
1.80 5. 01 10. 01 6.62 7. 28 13.90
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2.00 5. 13 10. 27 7.20 7.06 14. 30
2.20 5. 04 10. 06 7. 42 6. 55 14. 00
2.40 4. 79 9. 53 7. 40 5.89 13. 30
2.60 4. 46 8.81 7. 16 5. 19 12.40
2.80 4. 04 8. 04 6. 75 4. 52 11.30
3.00 3. 75 7.31 6.45 3.92 10. 40
5. 00 1, 86 3. 76 3.98 1.21 5.20
6. 00 1.55 3. 15 3.47 0.73 4.20
8.00 1.30 2.61 2.88 0. 12 3. 00
10. 00 1. 23 2.47 2.55 -0.38 2.20
12. 00 1.28 2.56 2.30 -0. 95 1.40
****************************************^
1 = 5 
V2/V1 f 1 f2 FI F2 F1+F2
0. 06 -1.65 -3. 70 5. 98 2. 87 8. 90
0. 08 -7. 14 -15.88 21.44 7.32 28.80
0. 10 6. 23 13.82 -16.03 -3. 16 -19.20
0. 15 1. 43 3.23 -2. 37 0. 80 -1.60
0.20 1. 09 2.47 -1.23 1.23 0. 00
0.25 0.98 2. 18 -0.65 1.48 0.80
0. 30 0. 93 2. 09 -0.34 1.68 1.30
0.40 0. 95 2. 12 0. 06 1.99 2. 00
0.50 1. 01 2.28 0.31 2.28 2.60
0. 60 1. 12 2.53 0.55 2.56 3. 10
0.80 1. 41 3. 19 1. 01 3. 15 4.20
1.20 2.23 4. 95 2. 21 4.38 6. 60
1.40 2.66 5.93 2.92 4.92 7.80
1.60 3. 12 6.94 3.70 5.38 9. 10
1.80 3. 44 7.69 4. 40 5.59 10. 00
2. 00 3.69 8.23 5. 04 5.62 10.70
2. 20 3. 78 8.43 5.48 5.43 10.90
2. 40 3. 75 8.36 5. 75 5. 08 10. 80
2. 60 3.63 8. 08 5. 84 4.65 10.50
2.80 3.44 7.66 5.78 4. 17 9. 90
3. 00 3. 24 7.21 5. 69 3. 72 9.40
3.50 2.73 6. 07 5.23 2.77 8.00
4. 00 2. 33 5. 13 4. 77 2. 06 6. 80
6. 00 1. 46 3.28 3.56 0.75 4.30
8. 00 1. 17 2.63 3.02 0. 17 3. 20
10. 00 1. 06 2.39 2.70 -0.23 2.50
12. 00 1. 05 2.34 2.49 -0.63 1.90
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 6
V2/V1 f 1 f2 FI F2 F1+F2
0. 08 -5. 24 -12.90 17.60 5.77 23.40
0. 10 7. 06 17. 07 -20.14 -3.89 -24.00
0, 15 1.36 3. 36 -2. 63 0. 77 -1. 90
0.20 1. 01 2.49 -1.37 1.20 — 0.20
0. 25 0. 88 2. 18 -0. 80 1.. 44 0. 60
0.30 0. 83 2. 05 -0. 47 1.61 1. 10
0. 40 0. 83 2. 03 -0. 09 1.89 1.80
0. 50 0. 87 2. 14 0. 15 2. 12 2.30
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0. 60 0.94 2.32 0. 33 2.36 2. 70
0.80 1. 16 2. 85 0.72 2.83 3.50
1.20 1. 69 4. 13 1.53 3.69 5. 20
1. 40 2. 05 4. 97 2. 11 4. 15 6.30
1.60 2.34 5. 71 2. 63 4. 45 7. 10
1. 80 2. 63 6. 41 3.22 4. 68 7.90
2.00 2. 82 6. 89 3.70 4. 72 8.40
2.20 2. 97 7.26 4. 16 4.66 8. 80
2.40 3. 03 7.41 4.52 4. 47 9.00
2.60 3. 02 7.38 4.76 4. 19 9.00
2.80 2. 95 7.20 4.89 3. 86 8. 80
3. 00 2. 83 6.92 4. 92 3.51 8. 40
3.50 2.51 6. 11 4. 83 2. 70 7. 50
4. 00 2. 19 5.29 4.57 2. 05 6. 60
5. 00 1.69 4. 13 3.99 1.23 5.20
8. 00 1. 07 2.70 3. 09 0. 18 3.30
10. 00 0. 96 2.37 2. 78 -0. 15 2.60
12. 00 0. 92 2.25 2.59 -0. 47 2. 10
14. 00 0. 92 2.24 2.44 — 0.80 1.60
r****************************************-
'1 = 8 
V2/V1 f 1 f2 FI F2 F1+F2
0. 10 9. 31 26.27 -31.43 -5.87 -37.30
0. 15 1.27 3.60 -3. 03 0.73 -2.30
0.20 0. 90 2.57 -1.61 1. 13 -0. 50
0.25 0. 76 2. 17 -0. 98 1.36 0.40
0.30 0. 70 2. 01 -0.64 1.52 0. 90
0. 40 0. 69 1.94 -0.27 1.74 1.50
0.50 0. 70 1.98 -0. 06 1.93 1.90
0.60 0. 74 2. 10 0. 11 2. 10 2.20
0. 80 0.84 2.43 0. 35 2.43 2. 80
1.20 1.21 3.38 0. 93 3. 05 4. 00
1. 40 1.38 3. 89 1.22 3.29 4.50
1.60 1.56 4. 41 1.52 3.48 5. 00
1.80 1.79 5. 01 1.95 3.69 5.60
2.00 1.92 5.42 2. 27 3.73 6. 00
2.20 2. 07 5.83 2.65 3.76 6.40
2. 40 2. 19 6. 15 3. 01 3.70 6.70
2.60 2. 24 6. 30 3.29 3.56 6. 90
2. 80 2. 25 6.37 3.51 3.37 6.90
3. 00 2. 25 6. 34 3. 71 3. 16 6.90
3.50 2. 13 6. 00 3.97 2.56 6. 50
4. 00 1.94 5. 47 3.99 2. 02 6. 00
5. 00 1.57 4. 44 3. 78 1.22 5. 00
6. 00 1.32 3. 65 3.54 0.72 4.30
10. 00 0. 85 2.44 2. 86 -0. 09 2.80
12. 00 0. 78 2.23 2.69 -0.32 2.40
14. 00 0. 75 2. 13 2.56 -0. 54 2. 00
16. 00 0. 74 2. 09 2.45 -0.76 1.70
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 10
V2/V1 f1 f2 FI F2 F1+F2
0.15 1.19 3.81 -3.28 0.69 -2.60
-45-
0.20 0.84 2.65 -1.78 1. 10 -0.70
0. 25 0.69 2. 19 -1. 09 1. 30 0.20
0.30 0.63 2.00 -0. 74 1.45 0.70
0. 40 0.59 1. 88 -0. 39 1.65 1. 30
0. 50 0.60 1.90 -0. 17 1.81 1.60
0. 60 0. 62 1.97 -0. 04 1. 96 1.90
0. 80 0. 70 2.23 0. 18 2. 21 2. 40
1. 20 0.93 2.93 0.57 2.66 3.20
1. 40 1. 08 3.39 0. 83 2. 88 3. 70
1.60 1.20 3.80 1. 02 3. 02 4. 00
1. 80 1.35 4.24 1.28 3. 15 4. 40
2. 00 1.47 4.62 1.52 3.21 4. 70
2.20 1. 62 5. 06 1.86 3. 27 5. 10
2.40 1. 70 5. 35 2. 12 3.23 5. 30
2.60 1.78 5. 59 2. 38 3. 15 5. 50
2. 80 1.82 5.75 2.61 3. 04 5.60
3. 00 1.87 5.86 2. 85 2.90 5. 70
3.50 1.84 5.82 3.23 2.44 5.70
4. 00 1. 75 5. 51 3. 44 1.97 5. 40
5. 00 1.48 4.68 3.50 1.23 4. 70
6. 00 1.25 3. 95 3.40 0. 73 4. 10
8. 00 0. 96 3. 00 3. 10 0. 20 3. 30
12. 00 0. 72 2. 27 2. 72 -0. 26 2. 50
14. 00 0.67 2. 12 2.60 -0.42 2. 20
16. 00 0. 65 2. 04 2.51 -0. 60 1.90
18. 00 0. 63 2. 01 2.44 -0.77 1.70
20. 00 0. 64 2. 02 2. 38 -0. 95 1.40
r****************************************-
'1 = 15 
V2/V1 f 1 f2 FI F2 F1+F2
0.20 0. 73 2. 82 -1.96 1. 01 -1. 00
0. 25 0.59 2. 28 -1.26 1.21 0.00
0. 30 0. 52 2. 03 — 0. 89 1.34 0. 40
0.40 0. 47 1.85 -0.52 1.50 1. 00
0. 50 0. 46 1.81 — 0. 32 1.63 1.30
0.60 0. 47 1.84 -0. 21 1.74 1.50
0. 80 0. 51 1.99 -0. 04 1. 92 1.90
1.20 0. 63 2. 45 0.20 2.21 2. 40
1.40 0. 71 2. 74 0. 31 2.34 2.60
1.60 0. 79 3. 05 0.41 2.44 2. 90
1.80 0. 87 3.37 0.54 2.52 3. 10
2. 00 0. 97 3. 72 0.71 2.59 3. 30
2.20 1. 05 4. 05 0. 87 2.63 3. 50
2.40 1. 12 4.33 1. 01 2.62 3. 60
2. 60 1. 19 4.60 1. 18 2.60 3.80
2. 80 1.26 4.85 1. 36 2.55 3. 90
3. 00 1.30 5. 04 1.51 2.47 4. 00
3. 50 1.41 5.39 1.99 2.21 4. 20
4. 00 1.42 5.46 2.33 1.87 4. 20
5. 00 1.33 5. 12 2.75 1.22 4. 00
6. 00 1. 17 4. 54 2.94 0.72 3. 70
8. 00 0. 91 3. 53 2.93 0. 15 3. 10
10. 00 0. 75 2. 88 2.82 -0. 11 2.70
12. 00 0. 65 2. 50 2. 72 -0.28 2. 40
-46-
18.00 0.52 2.02 2.49 -0.57 1.90
20.00 0.50 1.97 2.45 -0.68 1.80
25.00 0.48 1.89 2.35 -0.92 1.40
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 20
V2/V1 fl f2 Fl F2 F1+F2
0. 25 0. 53 2. 38 -1.34 1. 14 -0. 20
0.30 0. 46 2.09 -0. 96 1.26 0. 30
0. 40 0. 42 1.86 -0. 59 1.42 0.80
0.50 0. 40 1.79 -0.39 1.52 1. 10
0.60 0.40 1. 79 -0.28 1.62 1.30
0.80 0. 41 1. 89 -0. 15 1.76 1.60
1.20 0. 50 2. 24 0. 02 2. 00 2. 00
1.40 0.56 2. 47 0. 10 2. 08 2. 20
1.60 0.61 2. 73 0. 15 2. 16 2.30
1. 80 0. 67 2.99 0. 22 2. 23 2.50
2. 00 0.73 3. 26 0. 29 2.27 2.60
2. 20 0. 80 3.55 0.40 2.31 2.70
2. 40 0.85 3.82 0. 49 2.32 2.80
2.60 0.92 4. 10 0.62 2.32 2. 90
2.80 0. 99 4. 38 0.76 2.30 3. 10
3. 00 1. 04 4.61 0. 88 2.25 3. 10
3.50 1. 14 5. 08 1. 19 2.06 3. 30
4. 00 1.21 5.37 1.50 1.79 3. 30
5. 00 1.22 5.42 2. 08 1.21 3.30
6. 00 1. 13 5. 04 2.46 0. 70 3.20
8. 00 0. 91 4. 07 2. 70 0. 08 2. 80
10. 00 0.74 3.34 2. 70 -0. 19 2.50
12. 00 0. 64 2.84 2.66 -0.35 2.30
14. 00 0. 57 2. 52 2.60 -0. 43 2. 20
16. 00 0. 52 2.28 2.54 -0.51 2. 00
25. 00 0.42 1.90 2.37 -0.77 1.60
30. 00 0. 41 1.85 2.32 -0.93 1.40
t****************************************-
ri = 25 
V2/V1 f 1 f2 Fl F2 F1+F2
0. 30 0. 43 2. 15 -1. 01 1.20 0.20
0. 40 0.38 1.89 -0. 63 1.35 0.70
0.50 0. 36 1. 79 -0. 44 1.46 1. 00
0.60 0.35 1. 78 — 0. 33 1.53 1.20
0.80 0.36 1. 85 -0.20 1.67 1.50
1.20 0. 43 2. 15 -0. 06 1.87 1.80
1.40 0.46 2.33 -0. 02 1.94 1.90
1.60 0. 51 2. 55 0. 00 2. 00 2. 00
1.80 0. 56 2. 78 0. 05 2. 05 2. 10
2. 00 0. 61 3. 03 0. 10 2.09 2. 20
2.20 0. 66 3.28 0. 14 2. 12 2.30
2.40 0. 71 3.54 0.20 2. 14 2. 30
2.60 0. 76 3. 80 0.27 2.14 2.40
2. 80 0. 81 4. 06 0. 35 2. 12 2.50
3.00 0.86 4. 30 0. 43 2.09 2.50
3. 50 0.98 4. 87 0.72 1.96 2. 70
—  47 —
4. 00 1. 06 5.28 0.97 1. 74 2.70
5.00 1. 14 5. 65 1.50 1. 20 2.70
6. 00 1. 10 5. 48 1.99 0.68 2.70
8. 00 0. 92 4.61 2.44 0. 00 2.40
10. 00 0.76 3. 80 2.56 — 0.30 2.30
12. 00 0.64 3.22 2. 58 -0.46 2. 10
14. 00 0.57 2. 82 2.55 -0.53 2. 00
16. 00 0.51 2.52 2.51 -0.57 1.90
18. 00 0.47 2.32 2.48 -0.61 1.90
20.00 0.44 2. 18 2.45 -0. 65 1.80
30. 00 0. 37 1. 86 2. 34 -0. 84 1.50
35. 00 0.36 1.83 2.29 -0.96 1.30
:****************************************<
'1 = 30 
V2/V1 f 1 f2 Fl F2 F1+F2
0.40 0. 35 1.93 -0.66 1.30 0. 60
0.50 0. 33 1.62 -0.47 1.40 0. 90
0. 60 0. 32 1. 78 — 0. 36 1.48 1. 10
0.80 0.33 1.83 -0.24 1. 59 1.30
1.20 0. 38 2. 08 -0. 13 1.77 1.60
1.40 0. 41 2.26 -0. 09 1.84 1.80
1.60 0.45 2. 45 — 0. 09 1.89 1. 80
1.80 0. 49 2.65 -0. 07 1.94 1.90
2. 00 0. 53 2. 88 -0. 04 1.97 1.90
2.20 0.57 3. 11 -0. 02 1.99 2.00
2.40 0.61 3. 36 0. 02 2. 00 2. 00
2. 60 0. 66 3. 60 0. 06 2. 01 2. 10
2. 80 0. 70 3. 86 0. 10 2. 00 2. 10
3. 00 0. 75 4. 10 0. 13 1.98 2. 10
3.50 0. 86 4.69 0.33 1.87 2.20
4. 00 0. 96 5.20 0. 56 1.69 2. 30
5. 00 1. 06 5.82 1. 02 1.20 2. 20
6. 00 1. 08 5. 93 1.51 0.66 2.20
8. 00 0. 95 5. 17 2. 15 -0. 08 2. 10
10. 00 0. 78 4. 31 2. 38 -0. 42 2.00
12. 00 0. 66 3.64 2.47 -0. 58 1.90
14. 00 0.58 3. 15 2.49 -0. 65 1.80
16. 00 0.51 2.79 2.47 -0.67 1.80
18. 00 0.47 2.55 2. 46 -0.69 1.80
20.00 0. 44 2. 36 2. 44 -0. 70 1.70
25. 00 0.38 2. 08 2. 38 -0. 75 1.60
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 40
V2/V1 f 1 f2 Fl F2 F1+F2
0.50 0. 30 1.87 -0. 51 1.31 0. 80
0.60 0.29 1.82 -0. 40 1.39 1. 00
0. 80 0. 29 1.83 -0.29 1.50 1.20
1. 20 0.32 2. 02 -0.20 1.64 1.40
1.40 0.34 2. 17 -0. 18 1.. 70 1.50
1.60 0.37 2.33 -0.20 1.74 1. 50
1. 80 0. 40 2. 53 -0. 20 1.79 1.60
2.00 0. 43 2.72 -0. 20 1. 81 1.60
— 48 —
2.20 0. 46 2.92 -0.22 1. 83 1.60
2. 40 0.50 3. 14 -0.22 1.84 1. 60
2,60 0.54 3.37 -0.21 1. 85 1.60
2. 80 0. 57 3.61 -0.21 1.84 1.60
3.00 0. 61 3. 86 -0. 19 1.82 1.60
3.50 0. 71 4. 48 -0. 14 1. 75 1.60
4. 00 0. 80 5. 09 -0. 08 1.61 1.50
5. 00 0. 96 6. 06 0.25 1. 18 1.40
6. 00 1. 04 6. 56 0. 77 0.66 1.40
8. 00 1. 01 6.41 1.50 -0.27 1.20
10. 00 0. 86 5. 45 1.98 -0.69 1.30
12. 00 0. 72 4.56 2.23 -0.87 1.40
14. 00 0. 63 3.94 2.32 -0.94 1.40
16. 00 0. 55 3. 43 2. 36 — 0. 92 1.40
18. 00 0. 49 3. 08 2.38 -0.93 1.50
20. 00 0. 45 2. 82 2.38 -0. 90 1.50
25. 00 0. 37 2.38 2.35 — 0. 88 1.50
30. 00 0.34 2. 09 2. 33 — 0. 88 1.50
^****************************************-
ri = 50 
V2/V1 f 1 f2 Fl F2 F1+F2
0.60 0. 26 1.86 -0. 42 1.32 0.90
0. 80 0. 26 1. 85 -0. 32 1.42 1. 10
1.20 0.28 2. 00 -0.24 1.56 1.30
1.40 0. 30 2. 13 -0.23 1.60 1.40
1.60 0. 32 2.28 -0.26 1.65 1.40
1. 80 0.35 2.45 -0.28 1.68 1.40
2. 00 0.37 2. 63 — 0.30 1.70 1.40
2.20 0. 40 2.83 -0.32 1. 73 1. 40
2. 40 0. 43 3. 04 -0. 34 1.74 1. 40
2. 60 0. 46 3. 26 -0. 36 1.74 1. 40
2. 80 0. 49 3. 48 -0.39 1.74 1.30
,3. 00 0.53 3.72 -0.41 1.73 1.30
3.50 0. 62 4. 35 -0. 44 1.66 1.20
4. 00 0. 71 5. 01 -0. 44 1.54 1. 10
5. 00 0. 89 6. 27 -0.34 1. 17 0. 80
6. 00 1. 01 7. 18 0. 01 0. 64 0. 70
8. 00 1. 07 7.60 0. 85 -0. 40 0. 40
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 60
V2/V1 f 1 f2 Fl F2 F1+F2
0. 80 0. 24 1.88 -0. 34 1. 37 1. 00
1.20 0.26 2. 01 -0. 27 1.50 1.20
1.40 0.28 2. 12 -0.26 1. 54 1.30
1.60 0.29 2.26 -0.30 1.57 1.30
1.80 0. 31 2.42 -0. 33 1.61 1.30
2. 00 0. 33 2.59 -0.35 1.63 1.30
2. 20 0.36 2.77 -0. 40 1.65 1.30
2. 40 0. 38 2.97 -0. 44 1. 66 1.20
2.60 0. 41 3. 19 -0. 46 1.67 1.20
2. 80 0. 44 3.42 -0.51 1.67 1.20
3. 00 0. 47 3. 65 -0. 55 1.65 1. 10
- 49 -
Focal lengths and distances of three-element lenses 
The length of the second element Is L2 = 3 
*************************************************** 
V3/V1 = 1
V2/V1 f 1 f2 FI F2 F1+F2
0. 05 -1. 63 -1. 63 3. 77 3. 77 7. 50
0. 06 — 2 .57 — 2 .57 4. 83 4. 83 9. 70
0. 08 -17. 09 -17. 09 19. 55 19. 55 39. 10
0. 10 8. 47 8. 47 -5. 78 -5. 78 -11. 60
0. 15 2. 97 2. 97 0. 35 0. 35 0. 70
0. 20 2. 73 2. 73 1. 25 1. 25 2. 50
0. 25 2. 88 2. 88 1. 95 1. 95 3. 90
0. 30 3. 30 3. 30 2. 67 2. 67 5. 30
0. 40 4. 71 4. 71 4. 38 4. 38 8. 80
0. 50 7, 37 7. 37 7. 20 7. 20 14. 40
0. 60 13. 24 13. 24 13. 14 13. 14 26. 30
0. 80 77. 64 77. 64 77. 61 77. 61 155. 20
1. 20 94. 12 94. 12 94. 10 94. 10 188. 20
1. 40 28. 28 28. 28 28. 24 28. 24 56. 50
1. 60 14. 97 14. 97 14. 87 14. 87 29. 70
1. 80 9. 95 9. 95 9. 79 9. 79 19. 60
2. 00 7. 46 7. 46 7. 25 7. 25 14. 50
2. 20 6. 04 6. 04 5. 74 5. 74 11. 50
2. 40 5. 15 5. 15 4. 76 4. 76 9, 50
2. 60 4. 55 4. 55 4. 07 4. 07 8. 10
2. 80 4. 13 4. 13 3. 55 3. 55 7. 10
3. 00 3. 84 3. 84 3. 14 3. 14 6. 30
3. 50 3. 43 3. 43 2. 38 2. 38 4. 80
4. 00 3. 30 3. 30 1. 80 1. 80 3. 60
5. 00 3. 57 3. 57 0. 71 0. 71 1. 40
6. 00 4. 75 4. 75 -0. 91 -0. 91 -1. 80
8. 00 -47. 33 -47. 33 50. 70 50. 70 101. 40
10. 00 -3. 28 “3 .28 6. 40 6. 40 12. 80
12. 00 -1. 60 -1. 60 4. 58 4. 58 9. 20
14. 00 -1. 07 -1. 07 3. 95 3. 95 7, 90
16. 00 -0. 81 -0. 81 3. 61 3. 61 7. 20
18. 00 -0. 64 -0. 64 3. 39 3. 39 6. 80
20. 00 -0. 55 -0. 55 3. 26 3. 26 6. 50
25. 00 -0. 39 -0. 39 3. 02 3. 02 6. 00
30. 00 -0. 32 -0. 32 2. 91 2. 91 5. 80
35. 00 -0. 27 -0. 27 2. 82 2. 82 5. 60
40. 00 -0. 24 -0. 24 2. 77 2. 77 5, 50
50. 00 -0. 21 -0. 21 2. 70 2. 70 5. 40
60. 00 -0. 18 -0. 18 2. 65 2. 65 5. 30
70. 00 -0. 16 -0. 16 2. 61 2. 61 5. 20
80. 00 -0. 15 -0. 15 2. 59 2. 59 5. 20
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 1.5
V2/V1 f 1 f2 FI F2 F1+F2
0.05 -1.03 -1.27
0.06 -1.42 -1.76
0.08 -3.60 -4.42
0.10 -36.20 -43.90
3.49 2.91 6.40
4.15 3.33 7.50
7.43 5.38 12.80
53.49 33.60 87.10
-50-
0. 15 3. 21 3. 98 -1. 74 0. 16 -1.60
0.20 2. 45 2.99 0.02 1.25 1.30
0.25 2. 32 2.86 0. 72 1.88 2.60
0.30 2.44 3. 01 1. 26 2.42 3.70
0.40 3. 06 3. 73 2.32 3.51 5. 80
0.50 4. 07 4. 99 3.56 4. 92 8. 50
0.60 5. 81 7. 14 5. 48 7. 11 12.60
0. 80 13. 49 16.66 13.77 16. 14 29.90
1. 20 77.39 93.52 84.93 85. 17 170.10
2.00 10.65 13. 37 13. 12 10. 62 23.70
2.20 7.96 9. 84 9.82 7.69 17.50
2.40 6.36 7.79 7.84 5. 93 13. 80
2.60 5. 37 6.62 6.68 4.84 11.50
2. 80 4.67 5.74 5.77 4. 04 9. 80
3. 00 4. 17 5. 10 5. 09 3. 45 8. 50
3.50 3. 41 4. 19 4. 04 2. 46 6.50
4. 00 3. 04 3. 72 3.36 1.81 5.20
5. 00 2.77 3. 41 2. 51 0.86 3. 40
6. 00 2. 93 3.61 1.80 -0. 08 1.70
*****************************************-
VI = 2 
V2/V1 fl f2 Fl F2 F1+F2
0. 05 -0. 81 -1. 15 3. 38 2.57 6. 00
0. 06 -1. 08 -1. 54 3.96 2.86 6. 80
0. 08 -2. 19 -3. 13 6. 17 3. 87 10. 00
0. 10 -6. 87 -9.65 14.64 7.69 22. 30
0. 15 3. 39 4.81 -3. 49 0. 02 -3. 50
0.20 2. 26 3. 21 -1. 01 1.24 0.20
0. 25 1.99 2. 83 -0. 06 1.82 1.80
0. 30 2. 01 2. 83 0.54 2.28 2. 80
0.40 2. 26 3.20 1.27 3. 05 4.30
0.50 2. 78 3.93 2. 06 3.96 6. 00
0.60 3. 61 5. 10 3. 07 5. 18 8. 30
0. 80 6. 23 8. 91 6. 10 8.72 14. 80
1.20 18. 81 26. 45 21. 16 23.39 44.60
1.40 22. 99 32.36 27.21 27. 26 54. 50
1.60 20. 58 28. 71 25. 37 23. 17 48.50
2. 40 6. 81 9. 64 9.55 6.60 16. 10
2.60 5. 67 8. 19 8.22 5.29 13.50
2.80 4. 86 6.87 7. 04 4.35 11. 40
3. 00 4.27 6. 11 6.32 3.65 10. 00
3. 50 3.36 4. 77 5. 00 2.51 7.50
4. 00 2. 87 4. 05 4.20 1.82 6.00
5. 00 2.42 3. 42 3. 29 0.92 4.20
6. 00 2.30 3. 28 2. 73 0.20 2.90
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 2.5
V2/V1 f 1 f2 Fl F2 F1+F2
0. 05 -0.69 -1. 09 3.32 2.39 5. 70
0. 06 -0.91 -1. 43 3. 86 2. 62 6. 50
0. 08 -1.72 -2. 73 5. 77 3. 34 9. 10
0. 10 -3. 96 -6. 30 10. 82 5. 09 15.90
-51-
0. 15 3.62 5. 75 -5. 39 -0. 14 -5. 50
0.20 2. 11 3.34 -1. 68 1. 22 -0. 50
0. 25 1. 77 2. 81 -0.61 1.77 1.20
0.30 1.69 2. 70 -0. 01 2. 16 2. 10
0. 40 1.84 2. 91 0. 72 2. 80 3.50
0.50 2. 13 3.36 1. 27 3.44 4. 70
0. 60 2.60 4. 11 1.94 4.25 6.20
0. 80 3. 97 6.33 3.64 6.30 9.90
1. 20 9.06 14.28 10. 08 12.62 22. 70
1. 40 11.67 18.41 13.89 15.30 29.20
1. 60 12. 85 20. 14 16. 17 15. 82 32.00
1. 80 11.69 18.31 15.47 13.65 29. 10
2. 00 9. 87 15. 41 13.66 10.93 24. 60
3. 00 4. 23 6.68 6. 83 3.74 10.60
3.50 3.28 5. 18 5.50 2.56 8. 10
4. 00 2. 74 4.32 4.68 1.82 6. 50
5. 00 2. 20 3. 48 3.72 0.95 4. 70
6. 00 1.99 3. 16 3. 18 0.33 3.50
8. 00 2. 01 3.21 2.50 — 0. 88 1.60
-****************************************:
'1 = 3
V2/V1 f 1 f2 Fl F2 F1+F2
0. 05 -0.63 -1. 08 3. 29 2. 28 5. 60
0. 06 -0. 79 -1.37 3.79 2.46 6.20
0. 08 -1. 43 -2. 49 5.51 3. 01 8.50
0. 10 -3. 07 -5.32 9.70 4.27 14. 00
0. 15 3. 77 6.57 -7. 01 -0.26 -7.30
0. 20 2. 01 3. 47 -2.26 1.21 -1. 10
0. 25 1.61 2. 79 — 0. 98 1.73 0. 80
0. 30 1. 49 2.61 — 0. 38 2. 08 1.70
0.40 1.57 2.70 0.35 2.62 3. 00
0. 50 1. 73 3. 01 0. 81 3. 12 3. 90
0. 60 2. 02 3.51 1. 27 3.70 5. 00
0.80 2. 89 5. 04 2. 43 5. 10 7.50
1.20 5. 70 9.85 6. 15 8.78 14.90
1.40 7.33 12.66 8.59 10.54 19. 10
1.60 8. 44 14.55 10.59 11.34 21.90
1.80 8. 62 14.83 11. 49 10.87 22. 40
2. 00 8. 08 13. 84 11. 37 9.59 21. 00
2. 20 7. 19 12.20 10.57 8. 02 18.60
2. 40 6. 16 10.53 9. 47 6.55 16. 00
4. 00 2.60 4.61 4.98 1.80 6. 80
5, 00 2. 05 3.57 3.99 0.95 4. 90
6. 00 1.80 3. 13 3.45 0.40 3. 80
8. 00 1.68 2.93 2. 81 -0.56 2.30
'1 = 4
V2/V1 f 1 f2 Fl F2 F1+F2
0. 05 -0.53 -1. 07 3.25 2. 11 5. 40
0. 06 -0. 66 -1.33 3.72 2.26 6.00
0. 08 -1. 13 -2.26 5.24 2.67 7.90
0. 10 -2. 18 -4.34 8.50 3.45 11.90
- 52 —
0. 15 4, 05 6.22 -10.23 -0. 46 -10.70
0.20 1. 84 3.67 -3. 08 1. 19 -1. 90
0.25 1. 40 2.78 -1.53 1.67 0. 10
0.30 1. 25 2.50 -0. 81 1.95 1. 10
0. 40 1. 21 2. 43 -0. 15 2.37 2.20
0.50 1.29 2. 60 0.27 2. 73 3. 00
0.60 1. 47 2. 94 0.65 3. 16 3. 80
0. 80 1.86 3.77 1.26 3.93 5.20
1.20 3. 23 6. 42 3. 18 5.86 9.00
1. 40 3. 95 7. 90 4.34 6.69 11. 00
1.60 4. 66 9.30 5.58 7. 30 12.90
1. 80 5. 11 10.21 6.62 7.45 14. 10
2. 00 5. 24 10. 49 7.29 7. 15 14.40
2.20 5. 14 10. 27 7.59 6. 55 14. 10
2. 40 4. 87 9. 69 7. 61 5. 80 13. 40
2.60 4. 51 8.92 7.40 5. 04 12.40
2.80 4. 08 8. 11 7. 00 4.32 11.30
3. 00 3. 77 7.35 6.69 3.69 10.40
5. 00 1.87 3. 77 4.23 0.96 5.20
6.00 1.57 3. 19 3. 72 0. 46 4.20
8. 00 1.35 2. 72 3. 12 -0.26 2.90
10. 00 1.34 2.69 2. 77 -0.94 1.80
:****************************************:
ri = 5 
V2/V1 f 1 f2 Fl F2 F1+F2
0. 06 -0.59 -1.33 3.68 2. 14 5.80
0.08 — 0. 98 -2. 19 5. 12 2. 49 7.60
0. 10 -1. 76 -3. 90 7.90 3. 07 11. 00
0. 15 4.32 9. 79 -13.16 -0.67 -13.80
0.20 1.69 3. 83 -3.70 1. 18 -2.50
0. 25 1.25 2.79 -1.84 1.62 -0.20
0.30 1. 09 2. 43 -1. 10 1. 88 0. 80
0.40 1. 02 2.29 -0. 40 2.22 1.80
0.50 1. 06 2.37 — 0. 03 2.52 2. 50
0.60 1. 15 2.58 0.26 2.81 3. 10
0. 80 1.42 3.20 0.76 3.40 4.20
1.20 2.24 4.96 1.96 4.63 6. 60
1.40 2. 68 5. 99 2.69 5. 17 7. 90
1.60 3. 17 7. 05 3. 53 5.62 9. 10
1. 80 3. 52 7. 87 4.29 5.80 10. 10
2. 00 3. 79 8. 46 5. 03 5.78 10. 80
2.20 3.90 8.69 5.55 5.52 11. 10
2. 40 3. 86 8.61 5.88 5. 10 11. 00
2.60 3. 73 8.29 6. 03 4.59 10.60
2. 80 3. 51 7. 84 5.99 4. 06 10. 00
3. 00 3. 30 7.34 5. 92 3.56 9.50
3. 50 2. 76 6. 13 5. 47 2.55 8. 00
4. 00 2. 34 5. 15 5. 02 1. 81 6. 80
6. 00 1.46 3.29 3. 81 0.49 4. 30
8. 00 1. 19 2. 67 3. 26 -0. 13 3. 10
10. 00 1. 11 2. 49 2.94 -0.63 2.30
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
-53-
V3/V1 = 6
V2/V1 f 1 f 2 Fl F2 F1+F2
0.08 -0. 87 -2. 15 5. 03 2. 35 7. 40
0. 10 -1.55 -3. 75 7.65 2. 86 10. 50
0. 15 4.54 11. 22 -15.73 -0.85 -16.60
0. 20 1. 59 3.93 -4. 06 1. 16 -2.90
0. 25 1. 14 2. 80 -2. 09 1.58 -0. 50
0. 30 0. 98 2.40 -1.28 1.82 0.50
0. 40 0. 90 2.20 -0.58 2. 12 1.50
0.50 0.91 2. 23 -0.20 2.36 2.20
0. 60 0. 96 2.37 0. 03 2.60 2. 60
0. 80 1. 16 2. 86 0. 46 3. 08 3. 50
1.20 1.69 4. 14 1.28 3.94 5. 20
1.40 2. 07 5. 01 1.87 4.40 6.30
1.60 2.38 5.80 2.42 4. 70 7. 10
1.80 2. 70 6.57 3. 06 4.91 8. 00
2. 00 2.91 7. 12 3.60 4.91 8. 50
2.20 3. 08 7.52 4. 14 4.80 8. 90
2.40 3. 15 7.69 4.58 4.55 9. 10
2. 60 3. 13 7.65 4. 88 4.21 9. 10
2.80 3. 05 7. 46 5. 05 3.82 8.90
3. 00 2. 92 7. 15 5. 11 3.41 8. 50
3.50 2.57 6.23 5. 06 2. 50 7. 60
4. 00 2. 22 5.36 4. 81 1.82 6.60
5. 00 1.70 4. 15 4. 24 0. 98 5. 20
8. 00 1. 08 2.72 3.34 — 0. 08 3. 30
10. 00 0.98 2. 42 3. 03 -0.47 2.60
12. 00 0. 96 2.36 2. 84 -0.89 1.90
ri = 8 
V2/V1 f 1 f2 Fl F2 F1+F2
0. 10 -1.27 -3.58 7. 31 2.59 9.90
0. 15 5. 10 14. 41 -21.07 -1.28 -22.40
0.20 1. 46 4. 15 -4. 65 1. 12 -3.50
0.25 0.99 2. 82 -2.39 1.52 -0. 90
0. 30 0. 83 2.37 -1.52 1.73 0. 20
0.40 0.74 2. 10 -0.79 1. 98 1.20
0.50 0. 73 2.06 -0. 44 2. 18 1.70
0. 60 0.76 2. 15 -0. 20 2. 35 2.20
0. 80 0. 85 2. 44 0. 09 2. 68 2.80
1.20 1.21 3.39 0. 68 3. 30 4. 00
1.40 1.39 3.92 0. 97 3.54 4.50
1.60 1.59 4. 49 1.27 3.73 5. 00
1.80 1.84 5. 14 1.73 3.93 5.70
2. 00 1. 99 5. 61 2. 08 3.95 6. 00
2.20 2. 16 6. 09 2.51 3.95 6. 50
2. 40 2.30 6. 45 2. 93 3.85 6. 80
2.60 2. 36 6.64 3.27 3.66 6. 90
2.80 2. 38 6. 72 3.54 3 . 42 7. 00
3.00 2. 37 6.69 3.79 3. 15 6.90
3.50 2.23 6.29 4. 14 2. 43 6.60
4. 00 2. 01 5.67 4.21 1. 81 6. 00
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5.00 1.60 4. 52 4. 03 0.96 5. 00
6.00 1.32 3.67 3. 79 0.46 4.30
10. 00 0. 85 2. 45 3. 11 -0.35 2.80
12. 00 0. 79 2. 26 2. 94 -0.62 2. 30
14. 00 0. 77 2. 18 2. 81 -0. 90 1.90
****************************************:
1 = 10 
V2/V1 f 1 f2 Fl F2 F1+F2
0. 15 5. 45 17.40 -25.72 -1.61 -27.30
0. 20 1.39 4.37 -5. 10 1. 08 -4. 00
0.25 0.90 2. 87 -2. 58 1.47 -1, 10
0.30 0.74 2. 37 -1.66 1.66 0. 00
0.40 0. 64 2. 04 -0.92 1.89 1. 00
0.50 0. 63 1.98 -0. 55 2. 06 1.50
0.60 0.64 2. 02 -0. 35 2.21 1.90
0.80 0. 70 2.24 — 0. 08 2.46 2. 40
1.20 0. 93 2.94 0.32 2.91 3.20
1.40 1. 09 3. 42 0.56 3. 13 3. 70
1.60 1.23 3.87 0. 75 3.27 4. 00
1. 80 1.39 4.36 1. 01 3.39 4. 40
2. 00 1.52 4. 80 1.27 3.44 4. 70
2. 20 1. 70 5.30 1.64 3. 48 5. 10
2. 40 1.80 5. 66 1.94 3. 41 5. 30
2.60 1.89 5.95 2. 24 3.29 5.50
2. 80 1.95 6. 15 2. 52 3. 13 5. 70
3. 00 2. 00 6. 28 2. 83 2.94 5. 80
3.50 1.97 6. 23 3. 31 2.36 5. 70
4. 00 1.86 5.85 3. 61 1. 80 5.40
5. 00 1.54 4. 87 3. 73 0.96 4. 70
6. 00 1.28 4. 03 3.64 0. 45 ■ 4. 10
8. 00 0. 96 3. 01 3.35 -0. 06 3.30
12. 00 0. 72 2. 28 2.97 -0.52 2. 40
14. 00 0.68 2. 14 2. 85 -0.71 2. 10
16. 00 0.66 2. 08 2.76 -0.93 1.80
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 15
V2/V1 f 1 f2 Fl F2 F1+F2
0. 20 1.23 4.77 -5. 66 1. 01 -4.70
0.25 0.78 3. 01 -2. 86 1.38 -1.50
0.30 0.62 2.41 -1. 87 1.56 — 0.30
0.40 0. 52 2. 01 -1. 08 1.74 0.70
0.50 0. 48 1.89 -0. 71 1. 88 1.20
0.60 0.48 1.88 -0. 53 1. 99 1.50
0. 80 0. 51 2. 00 -0.30 2. 17 1.90
1.20 0. 64 2.46 -0. 06 2.46 2. 40
1.40 0. 71 2. 77 0. 04 2.59 2. 60
1.60 0. 81 3. 11 0. 12 2.69 2.80
1.80 0. 90 3. 47 0.23 2. 76 3. 00
2.00 1. 01 3. 87 0. 39 2 . 83 3.20
2. 20 1. 11 4. 26 0. 54 2.86 3. 40
2. 40 1. 19 4.62 0.69 2. 84 3.50
2. 60 1.28 4. 96 0. 87 2. 79 3. 70
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2. 80 1. 37 5.28 1. 07 2. 71 3.80
3.00 1. 43 5. 54 1.25 2.60 3.80
3. 50 1.57 6.00 1. 84 2.22 4. 10
4. 00 1.59 6. 10 2.28 1.76 4. 00
5. 00 1. 46 5. 64 2.87 0.93 3. 80
6. 00 1. 26 4. 88 3. 14 0.37 3. 50
8. 00 0. 94 3.64 3. 18 -0. 18 3. 00
10. 00 0. 76 2.92 3. 07 -0. 40 2. 70
12. 00 0.66 2.51 2.97 -0.54 2.40
18. 00 0.52 2. 02 2. 74 -0.83 1. 90
20. 00 0.50 1.98 2.70 -0.95 1.80
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
V3/V1 = 20
V2/V1 f 1 f2 Fl F2 F1+F2
0.25 0. 70 3. 15 -3. 01 1.32 -1.70
0. 30 0. 55 2.48 -1.97 1.48 -0. 50
0. 40 0. 45 2. 02 -1. 16 1.66 0.50
0. 50 0. 42 1. 87 -0. 80 1.77 1. 00
0.60 0.40 1.83 -0.60 1.87 1.30
0. 80 0. 41 1.90 -0.41 2. 01 1.60
1.20 0. 50 2.25 -0. 23 2.25 2. 00
1.40 0. 56 2. 50 -0. 17 2.33 2. 20
1.60 0.62 2.78 -0. 15 2.41 2.30
1. 80 0. 69 3. 08 -0. 10 2.48 2.40
2. 00 0. 76 3.40 -0. 06 2.52 2.50
2.20 0. 84 3.75 0. 02 2.55 2.60
2. 40 0. 91 4. 09 0. 10 2.54 2. 60
2. 60 1. 00 4. 45 0. 21 2.52 2. 70
2.80 1. 09 4.81 0. 35 2. 48 2.80
3. 00 1. 16 5. 13 0. 48 2. 41 • 2. 90
3. 50 1.30 5. 80 0. 83 2. 12 2.90
4. 00 1.40 6.24 1.22 1.73 2.90
5. 00 1.41 6.30 2. 01 0.91 2.90
6. 00 1.28 5. 72 2.56 0.27 2.80
8. 00 0.98 4. 40 2. 91 -0. 37 2. 50
10. 00 0. 78 3.48 2.94 -0.58 2.40
12. 00 0. 65 2. 90 2. 91 -0.68 2.20
14. 00 0. 57 2.55 2.85 -0. 72 2. 10
16. 00 0.52 2.29 2. 79 -0. 77 2. 00
****************************************-
'1 = 25 
V2/V1 f 1 f2 Fl F2 F1+F2
0.30 0.51 2.56 -2. 03 1. 43 -0.60
0.40 0.41 2. 05 -1.21 1.60 0. 40
0.50 0, 38 1.87 -0, 85 1.70 0. 90
0.60 0. 36 1.82 -0. 65 1.78 1. 10
0.80 0. 36 1. 86 -0. 46 1.92 1.50
1.20 0. 43 2. 15 -0. 32 2. 12 1.80
1. 40 0. 47 2.35 -0. 30 2.19 1. 90
1. 60 0.52 2.60 -0. 31 2. 25 1.90
1.80 0. 57 2.87 -0.29 2.29 2. 00
2. 00 0. 63 3. 16 -0.28 2. 33 2. 10
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2. 20 0. 70 3. 47 -0.27 2.36 2. 10
2. 40 0. 76 3. 80 -0. 25 2.37 2. 10
2. 60 0. 83 4. 14 -0. 20 2.36 2.20
2. 80 0.90 4. 49 -0. 14 2.32 2.20
3. 00 0. 96 4. 82 -0. 09 2.27 2.20
3.50 1. 14 5.64 0.20 2. 05 2.30
4. 00 1.26 6.29 0. 47 1.71 2. 20
5. 00 1. 39 6. 90 1. 19 0.89 2. 10
6. 00 1.32 6.59 1. 91 0. 17 2. 10
8. 00 1. 05 5.24 2.59 -0.60 2.00
10. 00 0.82 4. 12 2. 78 -0. 82 2. 00
12. 00 0. 68 3. 38 2.82 — 0. 88 1.90
14. 00 0. 58 2.91 2. 80 -0. 89 1. 90
16. 00 0. 52 2.56 2.76 — 0. 89 1.90
18. 00 0. 47 2.34 2.73 -0.89 1.80
20. 00 0. 44 2. 19 2.70 -0. 91 1.80
****************************************-
1 = 30 
V2/V1 f 1 f2 Fl F2 F1+F2
0. 40 0. 38 2. 09 -1.24 1.54 . 0. 30
0.50 0. 35 1.90 — 0. 88 1.65 0.80
0. 60 0. 33 1.82 -0.69 1.73 1. 00
0. 80 0. 33 1.84 -0. 50 1.84 1.30
1.20 0. 38 2. 08 -0.39 2. 02 1.60
1.40 0.42 2.28 -0.37 2. 09 1.70
1.60 0. 45 2.49 -0.40 2. 14 1.70
1.80 0.50 2.73 -0. 42 2. 19 . 1.80
2. 00 0. 55 3. 01 -0.43 2.22 1.80
2. 20 0. 60 3. 30 -0. 44 2.23 1.80
2.40 0. 66 3.61 -0. 45 2.24 1.80
2.60 0. 72 3.93 -0. 45 2.23 1.80
2. 80 0.78 4.28 -0. 46 2.21 1.80
3. 00 0. 84 4.62 -0.46 2. 17 1.70
3.50 1. 01 5.51 -0. 33- 1.98 1.70
4. 00 1. 16 6.32 -0. 11 1.69 ■ 1.60
5. 00 1.35 7.42 0. 44 0.89 1.30
6. 00 1.38 7.59 1. 17 0. 05 1.20
8. 00 1. 14 6.24 2.20 -0.87 1.30
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CHAPTER 2
EXPERIMENTAL INVESTIGATIONS OF THREE-ELEMENT LENSES
2.1 The vacuum system
The electrovi lenses were Initially placed in a vacuum system which is 
shown in figure 2.1. The system operated with an ion pump backed by
a sorption pump and it was capable of an ultimate vacuum of some
1.3x10-^ Pa, after baking out at 200*C for 12 hours. All the flanges 
were sealed with copper gaskets and the sorption and ion pumps 
isolated by a metal seal bakeable port valve. The electrical 
connections on the lenses were made through an eighteen way socket 
mounted on a large flange. The Faraday cup was connected using a 
separate socket on a small flange opposite the rest of the 
electrical feedthroughs.
The lens elements rested on two parallel ceramic rods supported on a
stainless steel frame, mounted on the flange with the electrical
feedthroughs. A cylindrical piece of Mumetal, 2mm thick, surrounding 
the lens provided magnetic and electrical screening.
The very low ultimate pressure of this vacuum system ensured a large 
number of operations of the lens without serious contamination of 
the cathode and, in addition, the electrical screening was very 
good. There was, however, a residual magnetic field in some areas, 
due to holes cut out of the Mumetal surrounding the lens in order to 
increase the pumping speed. Another disadvantage of this system was 
that when the cathode heater was turned on the outgassihg caused an 
increase in pressure which often resulted in the ion pump being shut 
off automatically. To avoid this, the temperature of the heater had 
to be increased slowly to allow for the outgas^mg
The system was improved by changing the ion and sorption pumps with 
a diffusion pump which was backed by a rotary pump. The ultimate 
pressure reached with this system after three hours, without baking, 
was 1.3xlO-*Ra. The ;eoirtV\d. ("1 eAdr Was by using a
50 turn circular coil 1.2m in diameter round the lens passing 0.75A 
through it. These improvements made it easier to change the lens 
configuration and to pump down the system quickly.
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Pigsre 2.2 A glass vacuum vessel
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For lenses that required frequent changes of apertures a different 
vacuum system was used as shown in figure 2.2. A glass chamber was 
evacuated using a diffusion pump backed by a rotary pump which 
achieved an ultimate pressure of 4xlO“^Pa in approximately 2 hours. 
Rubber gaskets were used as sealants between the glass and the 
aluminium plates with the electrical feedthroughs. The electrical 
connections on the lens were made through an eighteen way socket 
which was identical to the one used in the stainless steel system. 
This enabled direct change over between the two systems when 
necessary so that experimental work was not impaired. The single 
change over was facilitated by the fact that the systems were 
arranged next to each other with all the controls to one side as 
shown in figure 2.3. An automatic level controller, not shown in 
figure 2.3, was used to keep the diffusion pump trap filled with 
liquid nitrogen.
2.2 Electron lens details
The lens elements were tubes made from low magnetic stainless steel 
with, in most cases, an internal diameter of 13.5mm and an outside 
diameter of 30mm. The tubes rested on two parallel ceramic rods as 
shown in figure 2.4. The elements were separated by one tenth of the 
lens inside diameter D. In order to provide an electricoil screen for 
the electron beam when it travels between elements, the tubes were 
machined as shown in figure 2.5. The figure also shows the deflector 
plate structure of two lenses having internal diameters of 13.5mm 
and 7.5mm. The electrical connections were made at the top of the 
elements using copper wire with fibre glass insulation which could 
be baked up to 300^C.
To define pencils and within the lens, circular holes of
various diameters were spark eroded on a 0 .2 mm thick stainless 
steel disc. All the apertures were chamfered to minimise scattering 
of the electron beam from the edges of the holes (A. Renau 1978).
The electron beams were produced by flat metal oxide cathodes or a 
hairpin filament, shown in figure 2.6. The cathodes and the filament 
were operated at 6.3V. The heater current of the filament was 2.5A 
and the total emission current, at zero field, was approximately 
3.5mA. The filament was mounted on an electrode which was kept at a 
slightly negative potential in order to reduce the divergence of the 
electron beam.
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APlgar» 2.9 Deflector plates of electron leases with iaterasl 
diameters of (a) 7.6am and (b> 13.5mm
-63

%
Plgere 2.6 Types of cathodes used: a»c flat metal oxide,
b hair pin filament.
J
Figsre 2.7 The flat cathode of figure 2.6a mounted on a cylindrical 
piece with the same external diameter as the lens elements.
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The quality of the electron beams produced by the flat cathodes was 
better and collimation was not necessary. The flat cathode, shown in 
figure 2.6a, was obtained from Phillips and it was mounted on a 
cylindrical piece with the same external diameter as the lens 
elements, as shown in figure 2.7. The heater and emission currents
were lA and 3mA respectively. The cathode of figure 2.6c was
obtained from MOV-Valve and it was part of the thermionic valve type
DET 22, The heater and emission currents were 0.6A and 1mA
respectively. This type of cathode was easy to support, produced a 
good quality electron beam and had the longest life time due to the 
low heater current.
The thickness of the Mumetal required to minimise the earth's
magnetic field in the space of the lens was found using the formula:
w k l c k  \ S  v o t l ^ d i  a v \
S = ( p x t )  / ( 2 X d )
where S is the shielding factor, p the relative permeability of the 
Mumetal, approximately 50000, t the thickness, and d the diameter of 
the cylinder, approximately 0.09m. The earth's field was reduced by 
a factor of 111 when the thickness of the Mumetal shield was 0.4mm. 
The vertical component of the residual magnetic field was measured 
near the axis to approximately 3xlO"^T and it was constant along the 
axis up to a distance from the ends equal to the radius of the 
cylinder. This residual magnetic field would cause an angular 
deflection of approximately 1 milliradian on an electron beam 
travelling in a uniform potential region of 200V. All lens elements 
were kept at least one cylinder radius away from the edges.
2 , 3 .The scanning method
A schematic diagram of a three-element lens used to test the 
scanning method is shown in Figure 2.8. A flat cathode K was used to
illuminate two circular apertures of 0.15mm diameter separated by
about tWaxvS
0.45mm and arranged symmetrically on a vertical diameter of the 
anode plate Y. The electron beams transmitted through Y were 
restricted by the angle stop to a semi-angle of less than 30 
milllradians. The electron beams were raster scanned by a IKHz 
triangular voltage applied to the horizontal deflector plates and a 
lOHz sawtooth applied to the vertical deflector plates. It was
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Figure 2.8 Schematic of the three-element lens.
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Figure 2.9 Block diagram of the detection system. Tke Wac^ay Cup
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possible to swap the scanning voltages applied to the deflection 
plates and repeat the experimental observations in order to get an 
average and eliminate any asymmetries. The beams could be 
centralised by a 0 to +10V DC voltage superimposed on the X and Y 
deflector plates. That compensated for any geometrical asymmetries, 
and any strong magnetic or electrostatic residual fields. The 
amplitude of the raster scan could be adjusted from 0 to ±25 V and
the reference voltage Vi could be varied in the range of 0 to +200V.
The circuit diagram and notes for the triangular, ramp generator and 
power supplies to drive the electrostatic outputs can be found in 
the appendix to this chapter.
The potentials Vi, V^ , and Vs were adjusted to focus the two
electron beams on the exit plate X which was pierced by two holes 
identical to those in the anode but with their line of centres
horizontal. Whenever the image of one of the object apertures fell 
directly over an aperture of the X plate a signal was transmitted in 
the Faraday cup. The potential of the Faraday cup varied from +6 V to 
+600V with respect to the cathode which was set at OV. The DC
current received in the Faraday cup without the scanning varied from 
about lOnA to lOpA depending on the focusing condition. We expected 
a similar variation of the AC signal. A preamplifier, shown in
figure 2.9, was used initially to amplify and decouple the signal 
from the DC component. The signal was then fed in the Y input of an 
oscilloscope and individual pulses of approximately 0 .1ms duration 
were displayed as shown in figure 2.10. Four such pulses occur 
during one cycle of the IkHz triangular waveform. The two on the 
rising part of the cycle correspond to one of the object apertures 
passing through the X holes and the other two occur during the
flyback. It can be seen from this figure that it takes 0. 12ms for
one of the object beams to move across the X holes which are a 
distance of 0.45mm apart.
Figure 2. 11 shows the envelopes of the individual pulses from the 
two object holes and the triangular IkHz waveform at the top. The 
time between the two envelopes is 12.9ms, and using the fact that 
the frequency ratio of the triangular to the sawtooth waveform is 
1 0 0 :1 , the distance between the images of the object apertures is:
d = (12,9ms / 100) x (0.45mm / 0.12ms) = 0.464mm
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Figure 2.12 An example of the oscilloscope display,
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The linear magnification is given by;
M = 0.484mm / 0.45mm = 1.075
The deflector scanning voltages were also applied on the X and Y 
input of another oscilloscope, labelled C.R.O 2 in figure 2.9, and 
the current transmitted through the holes in the X plate was 
amplified and fed into the Z modulation of the same oscilloscope.
Whenever the image of one of the object apertures fell directly over
an aperture of the X plate the oscilloscope trace reached maximum 
brightness. This happened four times in each complete raster scan 
and a pattern was obtained similar to that shown in figure 2 .1 2 . 
The vertical separation of each pair of spots corresponds to the 
magnified image while the horizontal separation corresponds to the 
separation of the apertures on the X plate. The horizontal and 
vertical deflection sensitivities of the electron beam system and 
the oscilloscope were identical, as were the actual separations of 
the object apertures and the apertures in the X plate, so the 
magnification of the lens system was given directly as the ratio of 
the spot separations.
To test the consistency of this method and to compensate for any
non-linearities a third oscilloscope, labelled C.R.O 3 in figure
2.9, was used to produce a display of black spots on a white raster 
background.
Using the detection system shown in figure 2.9 it was very easy to 
determine the focusing voltages. C.R.O 1 produced a maximum voltage 
signal, C.R.O 2 four bright spots on a dark background and C.R.O 3 
the reverse display of C.R.O 2. The magnification values calculated 
from time measurements from C.R.O 1 were in excellent agreement with 
those measured directly from C.R.Os 2 and 3.
Focal locus results 
The focusing voltages were found by setting the potentials Vi and Vs 
at a positive value with respect to the cathode which was kept at 
zero volts and then by searching for the value of Vs that gave the 
best visual focus. There were two such values of Vs for a given 
Vs/Vi ratio as shown from the theoretical locus of figure 1.5. The 
results for the focusing voltages of lenses with various proportions 
are shown in figure 2.13. There is good agreement between the
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Figure 2.13 Experimental focal loci of three-element lenses with 
electrode lengths:
(a) Li=3.21, L2 =1 .6 , 1 3 =1 . 7 1
(b) Li=3.21, 13=1.76, 13=3.05
The solid line was drawn through the eight points derived using the 
independent lens model. error vjas to be
t-Vov^  S 7o ■
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Figure 2.14 Experimental focal loci of three-element lenses with
(a) Li=2.5, Lz=l, L.3 =1 . 6 8  and (b) Li =2.5, L2 =0 .5 9 , Ls=2.05.
The solid line was drawn through the eight points derived using the 
independent lens model. T\e cxrcuW doLs ave clo,)^ a fo\v\t;.
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Figure 2.15 Experimental focal loci of a three-element lens with 
Li=4.6 , Lz=0.5, Ls=3.05. The solid lines were drawn using the data 
from Harting and Bead (1976); (a) a linear scale is used for the
ordinate, (b) a logarithmic scale is used, incremented by one.
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experimental points and the curves drawn through the points given by 
the independent lens model for lenses a and b with L^=1.76 and 1.6. 
The range of overall voltage ratios for which the experimental 
results are reliable depends on the aberrations of the lens. There 
is a tendency to search for the disc of least confusion and that is 
more apparent in the FED region. As a result the measurements in 
that region were restricted to values of Vs/Vi larger than 0.5.
For small values of Lz the independent lens model is less 
appropriate as shown in figure 2.14a. The top part of the curve is 
still fairly well covered by this model but Vs is less than expected 
at the lower part of the curve. This is not due to aberrations but 
to the fact that Vz is less than both Vi and V3 in this region and 
the principal planes, being on the low potential side of the two- 
element lens, are crossed. The model of two independent lenses in 
cascade becomes progressively less appropriate as the length of the 
centre element is decreased. For the lens shown in figure 2.14b, 
with 1 2 =0 .5 9 , Vs takes negative values and the independent lens 
model is quite inappropriate. Figure 2. 15 shows the experimental 
locus of a lens with 1 2 =0 .5 . Only the true two-element lens points 
B,D,F and H are correctly predicted by the independent lens model. 
The solid lines were drawn through points from the data on three- 
element lenses tabulated by Harting and Read (1976). As V2 acquires 
negative values the experimental results can be placed on a graph 
that has either a linear scale for the ordinate (figure 2.15a) or a 
logarithmic scale incremented by one (figure 2.15b). The agreement 
between our experimented _ results and the curves is excellent.
2 .15 Ma g n lf ic a t l oa re s u lfs
The magnifications of the lenses of figure 2.13 are shown in figure 
2. 16. For the lenses a and b the curves have been drawn through the 
eight points given by the independent lens model. Even though there 
is no information on the slope of the curves the constraint that 
they should pass through the eight points is quite strong. Again the 
experimental results are in excellent agreement with these curves. 
For the values of Vs/Vi less than 0.15 the quality of the focus was 
poor because of spherical aberrations.
The magnification of the lens of figure 2.14a is shown in figure 
2.17a. The solid curve was drawn using the independent lens model 
and the experimental results fit well this curve despite the fact
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Figure 2.16 Experimental magnification of lenses with:
(a) Li=3.21, 1 2 =1 .6 , 1 3 =1 . 7 1  
<b) li=3.21, 12=1.76, 13=3.05
The solid line was drawn through the eight points derived using the 
Independent lens model.
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Figure 2.17 The experimental magnification of three-element lenses.
(a) Li=2.5, l2 =l, 13=1.68; the solid line was drawn using the
Independent lens model.
(b) Li=3.62, La=0.5, Ls=5; the solid line was drawn using the data 
from Harting and Read (1976).
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that Li;=l. Figure 2.17b shows the magnification of a lens with
Li=3.52, Lz=0.5, L3 =5 , The solid line was drawn using the data
tabulated by Harting and Read (1976). Apart from the two-element 
lens points F,B,D,H (shown on the magnification curve of figure 1.5) 
which the curve is expected to cross, points A and E lie close to 
the curve and only points C and G which correspond to extreme 
voltage ratios are a long way out .
Another interesting feature of these curves is that the
magnification remains approximately constant in the HAB region for a
large range of overall voltage ratios. The magnification results 
shown in figure 2.17a Indicate that the linear magnification 
remains approximately 0.75 for an overall voltage ratio of one 
hundred to one.
2 ,6  Conclu sions
The experimental technique that we developed proved a powerful tool 
for investigating the focal properties of three-element lenses. The 
visual display simplified the assessment of a good focus and the 
magnification could be measured readily.
The scanning method has the advantage over the traditional method of 
finding the experimental locus by making it possible to observe the 
beam profile. The position of the beam within the space of the lens 
can also be found and the electron beam can be centered. Focal locus
and magnification results are reliable If the electron beam Is near
( l e s s  t V \ a v l  V o Y o  o f  Ml]
the axis and the scanning voltages are kept low. The focal locus 
results were In excellent agreement with the data from Harting and 
Read (1976) for the lens with La=l and 0.5 and with the independent 
lens model proposed by Heddle (1969) for lenses with Ls bigger than 
1.25. Our experimental results for the focal loci also agree with 
the results of Heddle and Kurepa (1970) which, however, were limited 
to lenses with Lz longer than 1.25.
Ve are unaware of any other magnification measurements for three- 
element lenses. The independent lens model and the data from Harting 
and Read (1976) are in excellent agreement with our experimental 
results and they can provide a comprehensive data for the focusing 
voltages and the magnification of three-element lenses of various 
proportions. In some cases the magnification remained nearly 
constant for a wide range of overall voltage ratios, although this 
could only be achieved for one specific value of the magnification.
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APPEIDIX
Circuit diagrams of the ramp generator and the power supply,
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CHAPTER THREE
LERSES VITH VARIABLE MGRIFICATIOR
3 .1  Threerelement  leases ol. equal In te rn a l diameter e lectrodes  
In the previous chapter we found that it was possible to construct a 
three-element lens with a linear magnification of 0.75 which was
approximately constant over a range of overall voltage ratios of 1 0 0
( s e e  u s )
to 1. This happened in the HAB region where the potential of the 
centre element Vz was higher than that of the outer elements Vi and 
Vs. If a lens with a specified magnification is required, then the 
procedure is to choose the lengths of the elements to give the 
required magnification at any two of the three points H, A, or B,
then to calculate the magnification at the remaining point and
finally check if it is the same. If the overall voltage ratio needed 
to obtain a constant magnification is too small to be of any 
practical use then the process can be repeated for different lengths 
of electrodes. In principle it is possible to keep the linear 
magnification fixed in the regions HA or AB but it is not always 
possible to achieve this in the entire region HAB.
Suppose, for example, a lens is required with M=2 for a wide range 
of overall voltage ratios. Ve may find the combinations of lengths 
Li , La that will give the required value at A following the design 
procedure that was described in section 1.9. Figure 3.1 shows how
( K a  = ' < n a ^ Y \ \ ( \ c a b i W  a-t, p o V w t -
the values of Li and La are related for Ma=2. To achieve a large
range of voltage ratios in the region AB it is better to choose a
small value of Li . If we take Li=2, then La=4.6 and using the P-Q
curves of figure 1.3 for Mb=2 and P=Li=2 we get Q=La+L3 =6 .2 and
Va/Vi=10. It follows that La=1.6 and the linear magnification
remains nearly constant in the AB region over a range of voltage
ratios of approximately 5 to 1. The magnification of the lens at
point H can be found, again using the P-Q curves. Ve set Q=Li+L2 =3 . 6
and P=L3 =4 .6 , because the lens is decelerating, and find M=0.55
Ç H H  - vv\« , 5 v \v Ç n  H  ]
which has to be inverted to give a linear magnification of Mh=1.8.
The lens is reasonably good as a "constant magnification system" in
the HAB region for an overall voltage ratio of approximately 64 to
1. If the value of M h  was required to be exactly 2 then P must be
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Figure 3.1 The dependence of the electrode length Ls on the 
electrode length Li for Ma=2.
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Figure 3.2 Schematic of a three-element lens with electrodes of 
differing internal diameters.
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higher and Q must be lower at point H. To increase P we must
increase Li which causes Ls to increase. Unfortunately, increasing 
Li causes Q to increase at point H, so in principle it might not be 
possible to obtain the condition Mh=2. In order to decouple the 
values of Ls and Ls; from Li , lenses with unequal internal diameter
of electrodes may be used.
2-L.2— Thxefireleiaent Isusss î£i±h e l eg.t rades of d i f f e r in g In te rn a l  
diameters
The condition of constant linear magnification over the entire HAB 
region can be satisfied if the lens electrodes have different
internal diameters as shown in figure 3.2. Considering the lens
action at point A we may use again the data of figure 3.1 to obtain
the values of Li/Di and Ls/Ds that give a linear magnification of
two. If we chose Li/Di=2 and L3 /Da=4 . 6  and use the P-Q curves of 
figure 1.3, for Me=2 we get Q=<Ls;+L.3 )/Di=6 .2 and V3 /Vi=1 0 . The 
action of the lens is on the left hand side gap between electrodes 
Li, Lz so all the element lengths are expressed in terms of the
internal diameter of the first electrode.
If we set the value of the linear magnification at point H to Mh=2 
then 1/Mh=0.5 and P=Ls/D3 =4 . 6  and using again the P-Q curves of 
figure 3.1 we get Q=(Li+La)/D3 =3 . 3 5  and V3 /Vi=l/6 .7 . The action of 
the lens is on the right hand side gap between elements Ls,L3 and 
all lengths are expressed in terms of the internal diameter of the 
third electrode.
If we assume Di=l, then all the electrode lengths and the diameter
Ds that satisfy the condition Mh=Ma=Mei=2 may be calculated. Solving 
tKe above
simultaneous equations we find Li=2, Lz=1.65, Ls=4.74, D3=1.03 and
the lens can be operated in the HAB region over a range of overall 
voltage ratios of approximately 67 to 1.
Three-element lenses with electrodes of differing internal diameters 
can also be used to construct a lens with specified, but not
necessarily equal values of magnification at points H, A and B. For 
example a lens with Mh=1, Ma=2 and Mb=3 may be constructed that has 
a rising linear magnification as the overall voltage ratio 
increases, so that the electron beam energy per unit area remains 
approximately constant in the HAB region. To find the lengths Li ,
Lz, Ls and the diameter Ds of the lens operated in this mode we use
the data of figure 3.1 and choose Li/Di=2 and L3 /Ds=4 .6 . The
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condition Mh=1 is satisfied when (Li+Li)/Ds=6 .4 and the condition 
Me=1 when (L^+Ls)/Di =8 .7. If we set Di=l then, using simultaneous 
equations, we find Li =2, Lz=4.24, La=4.46 and D3 =0 .9 7 .
Three-element lenses with electrodes of differing internal diameters 
can be constructed for specific cases when the linear magnification 
is expected to vary in a predicted way in the HAB region for a range 
of overall voltage ratios. The focal loci of such lenses can be 
calculated simply but the actual lens cannot be used for another 
application unless the internal configuration changes.
3 .Jour-alejaent leases  
The position of the image and the magnification can be kept nearly 
constant for a wide range of voltage ratios if a four-element lens 
is used. Kurepa et al (1974) have made an experimental study of a 
system that consisted of four coaxial cylinders separated by 0 . 1 
lens diameters as shown in figure 3.3. The first two-element lens 
with electrodes lengths Li, Lz focuses the electron beam on the 
first principal plane Hi of the second two-element lens with 
electrode lengths Ls, Ls. The electron beam that appears to emerge 
from the second principal plane Hz is finally focused by the two 
element lens with electrode lengths Ls, L^ .
The position of the principal planes Hi , Hz does not change by more 
than 1 0 % for electrode voltage ratios V3 /V2 in the range of 1 0 to 
50. If the length of all the electrodes exceeds 3D, field 
penetration is a minimum and the method can be used to design a 
four-element lens system that can operate over a range of energies. 
The voltage ratios V2/V1 and Va/Vs are fixed for a given lens 
geometry and the energy varies with V3/V2 .
If, for example, we choose a lens with all element lengths equal to 
3D then the approximate distances of the principal planes Hi , Hz 
from the reference plane of the lens with electrode lengths Lz, Ls 
are 1.35 and 0.8 respectively when V3 /V2 equals 10 (Kurepa et al 
1974). Using the P-Q curves of figure 1.3 for P=Li=3 and 
Q=Lz-0.8=2.2 we find Vz/Vi=13. Similarly for P=L3 +1 .35=4.35 and 
Q=La=3 we find Va/V3 =7 .8 . Hence the set of the focusing voltage 
ratios are Vz/Vi=13, V3/Vi=130 and Va/Vi=1014. The overall voltage
ratio is too high to be of any practical use and a further increase 
of Vs/Vz will make it even higher. It is possible to make the first 
or the last two-element lenses decelerating but the aberrations are
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Figure 3.4 Schematic of a four element lens.
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expected to be severe. The overall voltage ratio can be somewhat 
reduced if the lens is made longer but this contravenes practical 
considerations.
The experimentally useful condition of Va/Vi=l can be achieved with 
a four-element lens proposed by Martinez et al (1983). The focusing 
voltages Va/Vi, Vz/Vi for various combinations of P, Q, M including 
the range of Va/Vi for that particular combination may be 
calculated. One of the combinations presented is P=2, Q=2, M=1 with 
Va/Vi in the range of 28 to 1. The overall voltage range can be 
extended from 2 to 35 for M=1 but the value of Q must change to Q=3. 
If a larger value of M is required then Q must increase. If Q is 
taken equal to 4 the magnification is 2 but the range of V^/Vi is 
reduced to 45 to 1.
A further reduction of the range of V^/Vi occurs if we consider P=4,
Q=2 and M=0.5. The overall range is 6 . 8  to 1 which is too small to
be of any practical use.
It appears that the overall voltage ratio V^/Vi depends on the 
selected magnification and it is somewhat limited. In addition, when 
a different magnification is required the lens dimensions may have 
to change which is not desirable.
Values of the spherical aberration coefficients Cs were also 
presented in this paper and they varied from 1 to 1 0 for the
combination P=2, Q=2, M=1 and from 100 to 1000 for P=4, Q=2 and
M=0.5.
3 .4 . An.afQcal f i v e -e l ement lens
A five-element lens can maintain three properties of an image 
constant while another property is varied. For example the position, 
the energy and the aberrations of a lens can be kept constant while 
the magnification is varied. The calculation of the exact electrode 
potentials for a particular application is quite complex and
sometimes it is desirable to use approximations. The five-element 
lens, for example, could be treated as two three-element lenses in 
cascade provided that the length of the third electrode, which is 
common to the two lenses, is higher than 1.5 to avoid field 
penetration.
In addition if the first focal point of the second lens coincides 
with the second focal point of the first lens (Heddle 1971), an 
incident ray parallel to the axis will leave the lens still parallel
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to the axis. The diagram of the lens operated in this mode is shown 
in figure 3.5.
A further constraint applied on the afocal lens by Heddle (1971) was 
that the two three-element lenses should be identical. This implies
that Lz=La, Fi=Fi', F2 =Fz', Vs/V3 =V3 /Vi and V^/V3 =Vz/Vi. It follows
that the focusing voltage ratios are:
V3/Vi=(Vb /V,)o e (3.1)
and
Va/Vi=(Vz/Vi) (Vs/Vi) (3.2)
The magnification is given by:
M = fi'/fz' = fi/fz (3.3)
Because (Vz/Vi)* * = fz/fi equation 3.3 becomes:
M =  (Vs/Vi)-*'== (Vs/Vi)-*'== (3.4)
The magnification of the lens changes in a predicted way in the 
range of 10 to 1 for an overall voltage ratio in the range of 10000 
to 1.
The angular magnification can also be found from figure 3.5 and it 
is given by:
Mm = a'/a = (h/fz*)/(h/fi) = fi/fz = M (3.5)
The separation of the reference planes of the two three-element 
lenses is constant and equal to Fz+Fi. The first focal distances
have been assigned a positive value by convention. The separation of 
the focal points of the first three-element lens is also Fz+Fi and 
for a given Lz focal loci of Vz/Vi against Vs/Vi can be obtained
using the data in the appendix to chapter one. Figure 3.6 shows such 
curves for Lz=1.5. The curves have similar shapes and appear to be 
enlargements of the single curve with Fz+Fi=3. The enlargement
factor a is simply the ratio of the major axes of the ellipses
plotted on a logarithmic scale. The dependence of Fz+Fi on a is 
approximately linear as shown in figure 3.7. The^pa^ameter a, and 
consequently Fz+FT, depend only on Lz and not on the individual
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Figure 3.5 Schematic of the afocal lens,
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Figure 3.6 Zoom curves for an afocal lens with L2=1.5.
TKe curves tV\e o.'ppencJ.ix to
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lengths of Li, Ls and L b . This means that if Lz has been chosen then 
the focusing voltages will apply for afocal lenses with 
Li+L5 =F%+Fi-L2 . The focusing condition of the lenses can be 
maintained if Li is made longer and Ls is made shorter provided that 
their sum is constant which could be very useful in certain cases.
It is a simple exercise to calculate the focusing voltages for the 
afocal lens with 1,2 =1 .5 as shown in figure 3.8. The contour F2 +Fi= 3  
of figure 3.6, which corresponds to a=l, can be used to calculate 
the values of VzVVi and the equations 3.1 and 3.2 can be used to 
calculate Vs/Vi and Va/Vi respectively.
Once the curves of figure 3.8 are plotted, a potential user will 
have to decide the overall length of the lens, which is equal to 
2 <F2 +Fi), then use figure 3.7 to determine a, and finally figure 3.8 
for the focusing voltages. If a user decides on an overall length of 
6 then a=l and it can be seen from figure 3.8 that the overall
voltage ratio varies from 0.002 to 900, an overall range of 450000 
to 1 which is an extremely wide range. The linear and angular 
magnification of the same lens will vary as (Vs/Vi)-* == from 4.72
to 0.18, an overall range of 26 to 1. In the appendix to this
chapter we have presented focal loci data of afocal lenses with
L2 =1 , 1.5, 2 and 2.5 which will enable users to obtain the focusing 
voltages once the value of a has been decided.
3 . 5 .A f jy a r e l ement zoom lens
The afocal lens can be used to vary the linear magnification as
(Vs/Vi)-o If v/e wish to decouple the magnification from the
overall voltage ratio then the voltages of the intermediate
electrodes must change. If Vi/Vi is reduced below the afocal value 
and V3 /V1 is still set equal to (Vs/Vi)* ^ then Va/Vi will have to 
increase to maintain the focusing condition. If, for example, V2 /V1 
is lowered so that then the lens action is weakest
around the first three elements and an increase of Va/Vi will make 
the lens action stronger around the last elements. The linear
magnification will take a minimum value in this case. If we reversed 
the changes by increasing Vz/V^ and lowering Va/Vi the lens action 
moves from the right to the left elements and the magnification will 
be maximum when the action of the lens on the left element is 
strongest. The lens is an exact analogue of a zoom lens in photon
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Figure 3.7 The dependence of Fi+Fs on the scaling parameter a.
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Figure 3.8 Reduced loci of afocal lenses.
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optics, as shown in figure 
that can be varied.
3.9, with fixed media and a magnification
Ri
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Figure 3.9 Optical analogue of the five-element lens.
The refractive index n is given by :
n = (Vs/Vi)*'* = ( V s / V i = -fi/f= (3.6)
where fi, fz are the first and second focal lengths of the first 
three-element lens. The transformation that propagates the object 
from 0 to the reference plane Ri is described by the matrix:
1 di
Ti = I 1 (3.7)
0 1
At the reference plane Ri the beam is refracted and the 
transformation matrix for the refraction is given by:
<3. 8)
.-1/fz fi/f=
If we set Pi=l/f2 and -fi/f%=l/n=k equation 3.8 becomes: 
/ 1
Ri - (3.9)
y-p,
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The electron beam is then translated from to Rz, refracted at Rz 
and finally translated to I. The matrix that propagates 0 to I is:
if‘ "V‘ “V‘ "Y‘ Y
0 1 / k/ yo v \ - P i  ky yo 1
where P2 =l/fa and îz is the second focal length of the second three- 
element lens.
Multiplying the individual matrices we find a matrix which has the 
form:
(a T T a 1 2 I (3.11)
a^i 3.ZZ
where:
a?1 = l-dPi-daPa+ddaPiPa-kdzPi (3.12)
aiz = di-Piddi+dk-didaPa+PiPadidad-ddaPak-kPididz+dak^ (3.13)
azi - —Pz+dPiP^—kPi (3.13)
az2 = -dTP=+PiPaddi-dkP2-kPidi+k= (3.14)
The condition for conjugate points is ai2=0 and using equation 3.13 
if we solve for Pz we get:
Pz = (di-Piddi+dk-kPidid=+d2 k=) / (dida+dkda-ddidaPi) (3.15)
The magnification is given by M=an and from equation 3.12 we get;
M = l-dPi-daPa+ddaPiPa-kdaPi (3.16)
Equations 3.15 and 3.16 can be used to calculate the focusing 
voltages and the magnification of the zoom lens. If the lengths of 
the elements have been chosen then di=Li+L2 /2 , d=L2 +L3 as Lz=L^l, and
di=Ls+Lzi / 2 .
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The lengths di , di and d are related as in the afocal case so that
d=di+d2 and the voltage ratio Vs/Vi and Vs/Vi are related so that
Vs/Vi = (Vs/Vi)*'*.
To determine the intermediate voltage ratios V^/Vi and Va/Vi we
chose a value for V^/Vi and used the data in the appendix to chapter 
1 to find the second focal length fz of a three-element lens with 
known voltage ratios Vs/Vi and Va/Vi and known length of the second 
element Lz. Because Pi=l/f2 and k=l/n= (Vs/Vi)~®•® we can substitute 
the values of Pi, k, di, dz and d into equation 3.15 and calculate 
?z. The inverse of ?z is the second focal length of the second 
three-element lens with known overall voltage ratio Vs/Vs, so using 
the data in the appendix to chapter 1 the ratio V^/Vs can be
obtained.
The linear magnification can be calculated using equation 3.16 if 
the values of Pi,Pz and k are known.
3.6 A symmetric five-element zoom lens
A special case of a five element zoom lens is the symmetric lens 
with Li=Ls=L3/2. It follows that di=da=d/2 and equation 3.15 
becomes:
Pz = (2-2Pid+4k-kPid+2k=) / (d+2dk-Pid=) (3.17)
The linear magnification becomes:
M =  l-dPi-0.5P2d+d=PiP=-0.5kdPi (3.18)
and if we eliminate Pz using equation 3.17 we get:
M = k= / (2k-dPi+l) (3.19)
If we solve equation 3.17 for Pi and substitute in equation 3.18 we 
get:
M = dP%-2k-k= (3.20)
In the special case when Vs/Vi =V3 /Vi =1 the value of k equals 1 and 
equations 3.19 and 3.20 may be written in the form:
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M = dPrL-3 = l/(3-dPi) (3.21)
The inverses of the second focal lengths Pi and P^ are simply 
related and we have shown that relation on a graph (Heddle et al 
1985) with some experimental data. The magnification of that lens 
will be unity when V2 /Vi=V4 /Vi which is the afocal condition. Vhen 
V3 /Vi=l the lens reduces to a three-element with lengths of its 
elements Li+L^+Ls, La, and Le. If Li=L2=LA=Le=L3/2=1.5 it can be 
seen that M=l/3. This is a maximum value for the magnification 
because when Va/Vi is less than 1 some lens action is introduced on 
the right hand side of the lens and Vs/Vi has to be reduced. Even 
though a greater range of magnification can be achieved this way the 
aberrations are likely to be very severe.
In the following chapter we have made an experimental investigation 
of the magnification behaviour of some afocal lenses and of a 
symmetric zoom lens with Li=Ls=La=L5=1.5 and Ls=3. The afocal 
lenses, having a larger range of overall voltage ratio and 
magnification, appear more flexible than three and four-element 
lenses which we did not Investigate.
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CHAPTER FOUR
EXPERIMENTAL INVESTIGATION OF FIVE-ELEMENT LENSES 
ARD PARAMETERISATION OF THE RESULTS
A-J-Afpgal l.ens naaults
The experimental arrangement was very similar to that used when we 
investigated the properties of three-element lenses. The length of 
the Mumetal shield had to be increased for the longer five-element 
lenses to provide adequate electrical and magnetic screening. A 
photograph of one of the lenses used is shown in figure 4.1. We 
used two sets of deflectors to ensure that the electron beam was 
well centred so that the aberrations would be a minimum. A cathode 
was used to illuminate two circular apertures of 0.15mm diameter, 
separated by 0.45mm, mounted on the first element. An angle stop of 
1.8mm diameter was mounted on the third element in order to restrict 
the angular divergence of the two beams. The deflector plates on the 
third element were used to raster scan the two electron beams on an 
exit plate at the last element. The exit plate was a disc identical 
to that on the first element and it was rotated until the line 
joining the centres of the holes was perpendicular to the 
corresponding line of the disc on the first element.
The size of the current in the Faraday cup depended on the size of 
the input and exit apertures, on the size of the angle stop and on 
the emission current of the cathode. Typical currents when 0.5mm 
diameter apertures were used with no angle stop were about 13pA when 
the focusing voltages were Vi=25, V2=128, V3=56, Va=282, Vs=125
volts and the emission current was 1.8mA.
For a given overall voltage ratio Vs/Vi we found the intermediate 
voltage ratios by setting Vs/Vi = (Vs/Vi ^ and one of Va/Vi or Va/Vi 
to their theoretical value and then scanning for a value of the 
other that would produce the best visual focus. At that particular 
focusing point, when the voltage ratio triplet Vz/Vi, Vs/Vi, V^/Vi 
was set, we measured the linear magnification. The results of the 
focal loci of two lenses with Lz:=1.5 and Lz=2 are shown in
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Figure 4.1 A five-element lens.
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figures 4.2a,b. The circular dots are experimental triplets that 
correspond to values of voltage ratios Vs/Vi and Va/Vi both higher 
than Vs/Vi and the squares both lower. There is very good agreement 
between the experimental results and the theoretical values of the 
focal loci calculated from the appendix to chapter three. The 
magnification loci of the two lenses are shown in figure 4.3 and in 
all cases the experimental values appear to fit well a line with 
M= ( V e / V i  Our experimental results have been restricted to
overall voltage ratios Vs/Vi from approximately 0.1 to 60 due to 
aberrations that make the assessment of a good focus difficult. 
These aberrations are inherent in our system with two electron beams 
near the principal axis. A system with one beam on the axis has 
enabled us to record the focal loci from Vs/Vi=0.02 to 100 but the 
linear magnification could not be recorded. For large accelerating 
voltages we were limited to a maximum electrode potential of some 
500V by technical considerations.
We have made some measurements on an afocal lens with Li=1.36, Lz=l, 
Ls=3.03, La =1 and Le=1.67 as shown in figure 4.4. The theoretical 
locus was plotted using the data from Heddle (1970). There is 
excellent agreement at the top part of the curves between experiment 
and theory and at the bottom part of the curves the values Vz/Vi and 
Va/Vi are only slightly below their theoretical values. The use of 
the scaling parameter a can be justified even when Lz=l. For lower 
values of L^.- the data from the appendix to chapter three must be 
used.
It is still possible to maintain the focusing condition of the 
afocal lens if Vz/Vi is higher than Vs/Vi while V^/Vi is lower than 
Vs/Vi and vice versa. The focusing voltage ratio triplets that 
satisfy this condition, for a lens with Li=0.59, La=1.51, Ls=1.51, 
La=1.51 and Ls=0.92, are marked as b and c in figure 4.5 although 
they do not represent the afocal case.
4.2 The scaling parameter _a.
The lens of figure 4.2a has L2=1.5 and F=+Fi=4.5 which corresponds 
to a value of the parameter a=1.3 as can be seen from figure 3.7. 
The lens of figure 4.5 has the same Ls value, but F%+Fi=3 which 
corresponds to a=l. Figure 4.6 shows the locus of Va/Vi against 
Vs/Vi for the two lenses. If the same data is plotted on a graph 
with axes (V=/Vi)" against (Vs/Vi)* the experimental points appear
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Figure 4.3 Magnification loci of the lenses of figure 4.2
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Figure 4.4 Experimental results for an afocal lens with: 
Li—1.36, Lz;—1, Ls—3.03, L^ .—1, Ls—1 « 67
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Figure 4.5 Focusing voltage triplets for an afocal lens with: 
Li=0.59, Lz=1.51, L3=1.51, La=1.51, Ls=0.92.
The focusing triplets b,c do not represent the afocal case.
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circular points correspond to a=l and the triangular points to a=1.S
0.1
1001010.01 0.1
Figure 4.7 Reduced loci of the afocal lenses of figure 4.6,
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to fit the single curve that is taken from our data in the appendix 
to chapter three. There is very good agreement and it seems that the 
scaling law applies well for the two lenses.
Ve have further investigated the case when two lenses have the same 
values of La=1.5 and a=1.3, but different dimensions of the first 
and last elements. The actual lengths of the lenses' elements were 
Li=1.05, L%=1.5, Ls=3, La=1.5, Ls=1.95 and Li=1.95, L2=1.5, L3=3,
La=1.5, Lb=1.05. The focusing voltages and the linear magnification 
were identical.
^.2. ZQ.om_j.ens re s u lts
The experimental values of the linear magnification were in good 
agreement with the afocal equation:
K = (Vs/Vi
In order to decouple our experimental values of the magnification 
from the overall voltage ratio we had to deviate from the afocal 
condition. The potentials of the second and fourth electrodes were 
set at values different from those in the afocal case while still 
maintaining the focus. For each value of the overall voltage ratio 
we initially set the potentials of the electrodes at their afocal 
value and lowered V3 /V1 while raising Va/Vi until a good visual 
focus was observed. Ve have made a systematic study of a symmetric 
lens with element lengths Li=1.5, Ls;=1.5, L3=3, 1 4 =1 .5 , Ls=1.5 for a 
wide range of overall voltage ratios. The dependence of the linear 
magnification on the voltage ratios V^/Vi and V^/Vi is shown in 
figure 4.8 for constant values of the overall voltage ratios in the 
range of 0.25 to 50. Our experimental measurements covered a range 
of overall voltage ratios from 0.02 to 70 and only part of that data 
is shown in figure 4.8. This graphical representation of the 
experimental results shows the great potential of the lens and its 
unique dual property. If, for example, a lens is needed with a fixed 
linear magnification of 1.5 for a range of overall voltage ratios 
from 0.25 to 50 the symmetric zoom lens can be used and the focusing 
voltages can be obtained easily from figure 4.8. If, on the other 
hand, a lens with Vs=Vi is needed, with a magnification that varies 
from 0.3 to 3, the same lens can be used and the focusing voltages 
can be obtained from figure 4.8. There are various other ways of
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representing our experimental results, for example a graph showing 
Vz/Vi and V^/Vi contours with Vs/Vi as the ordinate and 
magnification as the abscissa. This type of graph enables a user to 
decide on a value of M and Vs/Vi and to find the values of V%/Vi and 
Va/Vi. Another representation is contours of Vs/Vi, M and Ma on axes 
with V^/Vi as the ordinate and V^/Vi as the abscissa. This type of 
graph resembles the P-Q curves of figure 1.3 and it contains 
constant angular magnification values.
Ve have used our experimental data to derive equations that can give 
values of Vz/Vi and V^/Vi for a given M and Vs/Vi . Ve have not 
attempted a polynomial fit to the data as it does not justify a 
sophisticated analysis. Instead we have used approximations and we 
have introduced new parameters with some physical significance.
4.4 Parameterisation of the results
If we can express the product of Vz.Va as a function of S(Vs/Vi,M) 
and the ratio of V2 /V4 as a function of B<Vs/Vi,M) then the values 
of Vz and V4 can be calculated from S and B. Instead of a simple 
product, the parameter S is defined as:
S = (V=/Vi) (V4/V5 ) (4.1)
which is symmetric with respect to time reversal.
Ve have plotted a graph of the strength of the lens, S, against the 
linear magnification, M, and we have drawn circular arcs through 
that data for each value Vs/Vi as shown in figure 4.9. All circular 
arcs appear to have the same radius which is equal to logS. 1, The 
strength S is a symmetric function of the magnification and if the 
maximum value of S has coordinates (Sm,Mi) the equation of the 
circle is:
(logs - log(Sm/3.1))= + (logM - logMi)= = (logs.1)2 (4.2)
The values of Mi are very well represented by:
Mi=(Vs/Vi)-'/T= (4.3)
and S„, depends on the overall voltage ratio Vs/Vi as shown in figure 
4.10.The maximum values of S were found from the data of figure 4.9.
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Ve have drawn an ellipse through the data with semiaxes of log215 
and logl3.4. So the equation that relates Sm and Vs/Vi is:
[logSm/logl3.4]= t [log(Vs/Vi)/log2153^ = 1 (4.4)
Equations 4.2, 4.3, 4.4 may be used to calculate the strength S for 
a given pair of Vs/Vi and It,
The second parameter, the balance B, contains the ratio Va/Va 
multiplied by some power of Vs/Vi. The experimental values of V2 /V4 
against M, for the special case of Vs/Vi =1, are shown as squares in 
figure 4.11. For values of Vs/Vi, other than one, the experimental 
results had similar shapes and were symmetric with respect to Mi , 
furthermore if the results were displaced by log(Vs/Vi)/3 on a 
vertical axis and by Mi on a horizontal axis, they all fitted the 
single curve shown in figure 4.11. Hence the balance was defined as:
B = (V=/Va).(Vs/Vi)'/= (4.5)
The experimental data of the balance for various values of Vs/Vi was 
plotted against M/Mi and two circular arcs of radius log20 were 
drawn through the plots with their centres on a line perpendicular 
to their common tangent at the origin. The coordinates of the centre 
of the circle when M>Mi are B=0.091 and M/Mi=6.03 and the equation 
of the circle is:
(logB + logO.091)2 + (log(M/Mi) - loge.03)2 = (iog20)= (4.6)
Vhen M<Mi , because of symmetry, the centre of the circle is at 
B=l/0.091 and M/Mi=l/6.03 and by changing the appropiate signs 
equation 4.6 becomes:
(logB - logO.091)2 + (log(M/Mi) + loge.03)2 = (Iog20)2 (4.7)
Equation 4.6 or 4.7 can be used to determine the balance of the lens 
for a given pair of V5 /V1 and M. Vhen the strength and the balance 
are known then the definitions 4.1 and 4.5 can be used to calculate 
the ratios V2 /V1 and Va/Vi:
V2/V1 = (SB)'/2(Vs/Vi)'/= (4.8)
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Figure 4.11 The balance of the lens as a function of the reduced 
magnification. ■ data when Vs/Vi=l. O experimental values other 
than Ve/Vi=1.
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Figure 4.12 Lines of constant linear, angular magnification and 
overall voltage ratio for the symmetric lens.
( a l t e r  lAecJiciW PapadovassUoB;s , 1 ^ 2 4 )
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Va/Vi = ( S / B ) T / 2 ( V s / V i (4.9)
4.5 Design curves for the zoom lens
Equations 4.1 to 4.9 can be used to produce values of constant 
linear magnification, angular magnification and overall voltage 
ratio as shown in figure 4. 12. For any combination of two of the
three parameters the values of V^/Vi and V4/Vi can be easily read
off the graph. The overall range of each parameter has actually been 
observed experimentally. It was difficult to decide the focusing 
voltages for values of Vs/Vi less than 0.02 because of the 
aberrations of the lens. For overall voltage ratios higher than 70 
we were limited by some technical considerations.
The curves of figure 4.12 can be used to design a lens for a
particular purpose, for example an energy scanning device with a
linear magnification of 0.8 as shown in figure 4.13. The physical 
limits of the range of this lens occur when the lens action at 
either of its ends is the weakest. This occurs when V/1/V3-V5/V4. at 
one end or when Va/Vi^Vs/Va at the other. Visual extrapolation 
suggests that the limits are Vs/Vi^O.OS and 215, which is an 
extremely wide range of overall voltage ratios.
The degree to which the parameterisation is accurate can be seen 
from figure 4.14. The solid lines were produced using the design 
curves of figure 4.12 and the experimental points are from data that 
has not been used previously for the parameterisation of the 
results. For low and high values of the magnification there is a 
tendency for the experimental points to be below the theoretical 
value. There is unavoidable preference for the disc of least 
confusion and we expect slighty weaker lenses at low and high values 
of the magnification where the filling factors are greater. Better
results would be achieved if a smaller angle stop was used at the
expense of current in the Faraday cup. The results would improve
further if the angle stop, which was mounted on the third element, 
was moved to the fourth or fifth elements in order to restrict the 
electkori beams closer to the axis. Because the length of third 
element was 3 and the length of the other elements 1.5 it was
difficult to place the angle stop anywhere else in the lens as it 
would have been too close to the gap between the electrodes, The 
size of the first angle stop used was 3mm in diameter but the
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Figure 4.13 Focusing voltages for the zoom lens operated at a 
constant magnification of M=0.8.
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Figure 4.14 Experimental values of V^/Vi against Va/Vi for constant 
overall voltage ratio. The solid lines were taken from the 
parameterisation of the results.
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quality of the visual focus at certain points was poor, so the size 
of the diameter was reduced to 2.5, 2, 1.8 and 1.5mm. The current in 
the Faraday cup for high overall voltage ratios, when the angle stop 
was 1.5mm in diameter, was too small to produce a visual focus. The 
value of 1.8mm was the best compromise for reasonable currents in 
the Faraday cup over a wide range of overall voltage ratios of some 
10000:1. This range is more than adequate for any practical 
application of the zoom lens that we can envisage. The zoom lens 
with its unique dual property could prove a very powerful tool in 
low energy electron spectroscopy.
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CHAPTER FIVE
MEASUREMENTS OF THIRD ORDER SPHERICAL ABERRATIONS 
OF SOME ELECTROSTATIC LENSES
5-t.l..Jnfr.Qd.u.ctlQn
Ve have recently (Heddle et al 1982) measured the magnification 
behaviour of some three-element and of a five-element electrostatic 
lenses (Heddle and Papadovassilakis 1984). In both cases we have 
used angle stops to restrict the divergence of the electron beams to 
cones of semiangles smaller than 2 degrees for the three-element 
lens and 1.2 degrees for the five-element lens.
From the theoretical data of the third order aberration coefficients 
(Parting and Read 1976) it can be seen that aberrations will 
Increase the magnification by less than 5% for a decelerating lens 
and substantially less for an accelerating lens when semiangles of 2 
degrees are used. Restricting the semiangles results in a decrease 
in the electron current and it would be better if the aberrations 
were made smaller by adjusting the focusing voltages. This cannot be 
done for a three-element lens as for an overall voltage ratio Vs/Vi 
there are only two values of V^/Vi that satisfy a focusing condition 
and the aberration coefficients are fixed. A five-element lens, 
however, has three intermediate voltage ratios that could be 
adjusted to minimise the aberrations. This is a very complicated 
procedure as the magnification has to be measured first, using 
restricting apertures, for all combinations of Vi/Vi, Vs/Vi, Va/Vi 
at a fixed overall voltage ratio V&/Vi . The aberrations can then be 
measured for all known values of voltage ratios and magnification 
and the lens can be operated at a particular focusing condition with 
minimum aberrations.
In this chapter we have established a reliable method for measuring 
third order aberrations and we have measured the coefficient Cs for 
a five-element zoom lens (Heddle and Papadovassilakis 1984) for an 
overall voltage ratio in the range of 0.5 to 5.
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Third order aberrations have been measured in the past by Klemperer 
and Wright (1939) and Spangenberg and Field (1942). These were 
longitudinal aberrations for two-element lenses. The image was at a 
fixed distance from the Gaussian image plane and a viewing screen 
was moved towards the image until the sharpest focus was seen. We 
have measured directly the size of an aberrated image of a point 
axial object produced on the Gaussian image plane. Using this method 
we have investigated the third order aberrations of a two-element 
lens, three three-element lenses and a five-element lens.
When the aberrated image is at a fixed distance from the Gaussian 
image plane, for a particular focusing condition, the strength of 
the lens can be adjusted to produce a minimum size of that image on 
the Gaussian image plane. Ve have used this "correcting voltage" 
method to measure third order aberration coefficients.
Ve have observed aberrations that were higher than those predicted 
by a third order theory. This happened when the ratio of the maximum 
diameter of a bundle of rays to the diameter of the lens, known as 
the filling factor, was greater than 0.67. For filling factors 
larger than 50%, fifth and seventh order terms have to be included 
in the expansion of the sine of the semiangle.
5..2 Spherica l  aberratla iL jP oeffd
Figure 5.1 shows the focusing of marginal rays which form an 
aberrated image of radius Ar. From the third order aberration theory 
we have:
Ar = MCs(ai)-^‘ (5.1)
where M is the linear magnification, ai the maximum half angle of 
rays from the object and Cs the third order spherical aberration 
coefficient. Cs is a fourth order polynomial in 1/M, a-^ci
Cs(M) = Cso + CsiM-’ + CszM-^ + CssM-^* + Cs M^-"  ^ (5.2)
For parallel rays P » and M -) 0 and equation 5.2 becomes:
Cs = CsaM-4 (5.3)
a s  las-t 0 -Ç 5 -2  bo tW iw  tVve
The angular magnification is given by: OCWri
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Met = a^Vai (5.4)
and for parallel rays:
32 = r/fz (5.5)
where f^ is the second focal length,
Combining the Helmholtz-Lagrange equation MMct(V2 /V1 )'^’■'^ = 1 with 
equations 5.4 and 5.5, equation 5.1 becomes:
A r  =  C s M * ( r / f 2 ) 3 ( V 2 / V i ) a / =  ( 5 . 6 )
Combining 5.3 and 5.6:
A r  =  C s 4 ( r / f 2 ) = ( V 2 / V i ) = / =  ( 5 . 7 )
Because (Va/Vi)* * = fa/fi , equation 5.7 becomes:
A r  =  C s 4 ( r / f i ) =  ( 5 . 8 )
where fi is the first focal length of the lens.
Equations 5.1 and 5.8 refer to accelerating lenses. From equation 
5.1 the coefficient Cs can be calculated if ai is set, M taken from 
the theory for a particular overall voltage ratio and A r  measured at 
that focusing condition. The method can be used for any multielement 
lens and it relies on the knowledge of the focusing voltages and the 
linear magnification, which can either be obtained by the theory or 
experimentally found if paraxial rays are used.
For parallel input, equation 5.8 yields the coefficient Cs/, if r is 
set and f, and Ar are obtained as above. Equations 5.1 and 5.8 apply 
also for retarding lenses and the theoretical data can be obtained 
by reversing the path of the electron beam. Thus, if the primed 
quantities refer to the retarding lens then:
Va'/Vi' = Vi/Va, P'= Q, Q'= P, fi'= fa, fa'= f 1 , M'= 1/M
and Cs'(Va'/Vi', P) = Cs(Va/Vi, P)M*(Va/Vi)=/=
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Figure 5.1 The spherical aberration of a point axial object.
GH
Figure 5.2 The longitudinal aberration Afz of parallel rays a 
distance r from the axis.
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A more interesting situation arises if we consider "path reversal" 
for equation 5.8. Ve have:
A r '  =  C s a ' ( r / f 1 ( 5 . 9 )
It can be shown (Harting and Read 1976) that:
CS4'= Cso(V2/Vi)s/= (5.10)
and combining 5.9 and 5.10:
A r '  =  C s o ( V 2 / V ? ) 3 / = ( r / f i ' ) =  =  C s o ( V = / V T ) = / = ( r / f = ) =
and
Ar' = Cso(r/fi)= (5.11)
Equations 5.1, 5.8 and 5.11 can be used to measure the third order
aberration coefficients Cs, Cs^ and Cso.
5.. 3 ...ThSL.. cor r e c t  Ing vQl t agg . method
Figure 5.2 shows parallel marginal rays brought to focus before the 
Gaussian image plane at a distance Afz from it. If the strength of
the lens is adjusted it is possible to make the marginal rays focus
on that plane. The size of the correcting voltage V depends on the 
distance of the marginal rays from the axis. It is possible to plot 
a graph of V against r and determine the slope of the graph dV/dr 
when r -) 0. For small deviations of V from the theoretical value, 
which happens when r 4 0, we may calculate the rate of change of Afa 
with V, d(Afs)/dV, from the theoretical data of V and f^;. Ve may 
then write:
d(Afa) dV d(Af=) .g,— -—  = -- • — --—  (5. 12)
dr dr dV
From the geometry of figure 5.2 we have;
——— = --- —--- (5. 13)
A f z  f z  -  A f z
Combining 5.8 and 5.13, we get:
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Afi = (f=Cs4r=)/(fiS + Csar=) (5.14)
If we differentiate 5.14 with respect to r we get:
(5.15)
(5.16)
( A f x )  _  B f z C S a r
dr " fi^Cl + Cs4 r=/fi=]=
When r -) 0 equation 5. 15 becomes:
d(Afa) 2f=Csar 
dr f 1 ®
From equation 5.12 and 5.16 we get :
■ i --5P« £
The aberration coefficient Cs can also be calculated using the 
correcting voltage method. It can be shown that:
= m7q=Zq )
When ai 4 0 Q  - A Q  = Q  and
This method of measuring the aberration coefficients is fairly 
accurate as the correcting voltages can easily be measured. Because 
the correcting voltages must be small, a higher degree of accuracy 
is achieved if a large number of experimental points are taken at 
very slightly aberrated images, which is not always possible and can 
be time consuming.Ve have therefore concentrated on measuring the 
size of the aberrated image directly on the Gaussian image plane. Ve 
have still, however, recorded the correcting voltages for most 
cases and we have calculated the coefficients Cs, Cso, Cs^ for some 
of these.
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Figure 5.3 Schematic of the lens system used for the measurement of 
the aberration coefficients Cso and Csa.
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I
Figure 5.4 Schematic of the angle stop plate
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5^  4_E% perljK D tM  .d e ta ils .
Figure 5.3 shows a three-element lens with an internal diameter of 
13.45mm prececjed by a two-element lens with an internal diameter of 
20mm. The outside diameter of both lenses was 30mm and they were 
mounted on two parallel ceramic rods in a vacuum system at a
pressure of 40pPa in a similar manner used by Heddle et al (1982).
The electron source was an oxide coated flat cathode which
illuminated a central circular aperture Y of 0.17mm diameter. The
two-element lens had dimensions Lo=2, Li=l and produced a parallel
beam when Vi/V=7. The electron beam was then transmitted through
five circular apertures of 1mm diameter pierced on the plate AS, one 
central, two with their line of centres horizontal and two with 
their line of centres vertical as shown in figure 5.4. The parallel 
beam was centred on the plate AS by the voltages applied on the 
deflector Di.
The transmitted electrons were focused by the three-element lens and 
raster scanned by the voltages on the deflector Ds. The same 
scanning voltages were applied to the deflector plates of an 
oscilloscope and the transmitted current through the X holes was
used to modulate the intensity of the spots. Because five focused
beams were transmitted through two exit apertures X, a pattern was 
obtained with ten bright spots as shown in figure 5,5.
Counting from the top the first, third and fifth spots, which are in
a vertical line, and the spots directly to the left and to the right 
of the third spot were transmitted through the same 0.15mm diameter 
hole. The remaining five spots were transmitted through a 0.15mm
diameter hole, a distance of 0.45mm from the first. The separation 
of the third and fourth spots corresponds to an actual separation of 
0.45mm so all distances in the visual display can be measured in
millimetres and Ar can be found.
For example, if the distance between the third and fourth spot is 
36mm, and between the first and the third 50mm then :
Ar.D = (50/36) x 0.45 = 0.63mm 
and in terms of the lens diameter:
Ar = 0.63/13.45 = 0.05
12:
Figure 5.5 Example of the oscilloscope display during the 
aberration measurements,
-124-
#  #
#
If the first spot was transmitted through an aperture of the angle 
stop plate at a distance of 2mm from the axis then r=2/13.45=0. 148 
and- if for this focusing condition fi=2 then the coefficient Csa may 
be calculated from :
A r  =  C s 4 ( r / f i ) 3
and CsL=123. IS expresseol m  tervYxs of V&ns .
Instead of calculating Csa. for each focusing condition we collected 
data of r ,  A r  for a  set of focusing voltages. Ve then replaced the 
five apertures on plate AS with another set which had different 
separations and repeated the experiment. The distance r was varied 
from 2 to 5mm in steps of 0.5mm. The coefficient Cs^ was calculated 
from the gradient of a graph of A r  against r ^ .
The aberration coefficient Cso was calculated when the lens was 
retarding using exactly the same method.
For the measurements of the coefficient Cs the condition for 
parallel input was relaxed and the two-element lens was replaced by 
a single element of internal diameter 13.45mm and length L* so that 
the dimensions of the three-element lens were then L'+Li, L^ , Ls, 
all other factors remaining constant. The semiangle ao of rays from 
a point axial object passing through an aperture of the plate AS, at
a distance a from the axis, is given (in radians) by:
ao — a/L'
A p a t t e r n  o f  t e n  s p o t s  w a s  p r o d u c e d  a g a i n  a n d  d a t a  o f  a o ,  A r  w a s  
c o l l e c t e d .  T h e  a b e r r a t i o n  c o e f f i c i e n t  C s  c a n  b e  c a l c u l a t e d  f r o m  t h e  
g r a d i e n t  o f  a  g r a p h  o f  A r  a g a i n s t  a o ^ .
To measure the aberrations of a two-element lens the three-element
lens was replaced by five cylindrical pieces with an internal 
diameter of 6mm. Using the smaller diameter pieces the overall 
length of the lens remained the same and it was possible, with 
appropriate interconnections, to construct two-element lenses of 
various proportions. This was necessary because the voltage ratio 
uniquely defines the aberration coefficients and only one 
measurement would have been possible. The aberrations were then 
measured following a similar method to the one used for the three- 
element lens.
For all the three-element lenses, after measuring the separation of 
the spots, the focusing voltage ratio Va/Vi was decreased. This 
resulted in the first and fifth spots and the spots to the left and 
to the right of the third spot all moving closer to the third spot. 
In a similar fashion the remaining spots move closer to the fourth 
spot. The voltages that made the spots corresponding to marginal 
rays coincide with a central spot, which is formed by paraxial rays, 
were recorded and equations 5.17 or 5.19 were used to determine Csa 
or Cs respectively. If the ratio V%/Vi is further reduced the spots 
move away from the central spot in the same direction. A graph may 
be plotted of distance from the central spot against V2.VV1 and the 
intercept on the VzWi axis yields the correcting voltage 
accurately.
Finally we have measured the coefficient Cs for a five element lens 
with dimensions Li=1.5, 12=1.5, L3=3, 14=1.5 and ls=1.5 . For a
given overall voltage ratio Vb/Vi , the ratio Vs/Vi was set equal 
to:
Vs/Vi = (V5/V1)* s
and the voltage ratios Vs/Vi, V^/Vi and the linear magnification 
were taken from Heddle and Papadovassilakis (1984). The angle stop 
was positioned in the middle of the third element.
5.5 Results
Figure 5.6 shows how A r  varies with r=" for a three-element lens with 
li=1.5,. la=l, ls=2.96 for an overall voltage ratio in the range of 
0.4 to 6. A line of best fit was drawn through the plots and the 
proportionality between A r  and r'^ is clearly shown for all voltage 
ratios. Because most of the experimental results are concentrated 
near the origin a better representation can be made on logarithmic 
axes. Because,
l o g A r  =  l o g C s a / f i ^  +  l o g r =
a  g r a p h  o f  l o g A r  a g a i n s t  l o g r =  p l a c e s  t h e  e x p e r i m e n t a l  r e s u l t s  o n  
p a r a l l e l  s t r a i g h t  l i n e s  a s  s h o w n  i n  f i g u r e  5.7. T h e  i n t e r c e p t  o n  t h e  
l o g A r  a x i s  i s  l o g C s 4 / f i ^  f r o m  w h i c h  C s 4  c a n  b e  c a l c u l a t e d .  O n  t h e  
s a m e  g r a p h  w e  have i n d i c a t e d  t h e  p e r c e n t a g e  f i l l i n g  f a c t o r .
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The parallel lines were drawn through the experimental data up to a 
filling factor of 67%. For higher filling factors it can be seen 
that Ar is higher than that predicted by the third order theory. 
Renau (1983) has shora, using fifth order theory, that the 
longitudinal aberration Afz in the case of parallel input is not 
significantly higher than that predicted by third order theory 
provided that the filling factor is less than 75%. Our results in 
figure 5.7 show that Ar is slightly higher than expected for filling 
factors of 67% and 74%. It was difficult to obtain experimental 
results at higher filling factors as the signal becomes very weak 
and the high scanning voltages required might affect the focusing 
condition.
Figure 5.8 shows the variation of Ar with for two three-element 
lenses with dimensions a) Li=1.46, La=l, Ls=1.69 and b) Li=1.46, 
Li=0.5, L3=2.96. The experimental data fits very well the parallel 
lines drawn with a gradient of one. The data from figure 5.8 was 
used to calculate the aberration coefficients Cso and Cs/i as shown 
in figure 5.9. The solid line was drawn using the aberration 
coefficient data from Harting and Read (1976). The experimental 
values of Cs4. and Cso fit extremely well the theoretical line in all 
cases. The aberrations coefficients shown in figure 5.9 were 
measured when the lenses were operated in the HAB region. The 
aberrations that occurred when the lenses were operated in the FED 
region were higher, except in the case of high overall voltage 
ratios, and even though the coefficients Cs^ and Cso were recorded 
no systematic investigation of the lens was made in that region.
The aberration coefficients Cs^ and Cso of a two-element lens were 
also measured and they are shown in figure 5.10. The length of the 
first element was kept at Li =3 while the second element had four 
different lengths Li=l, 2, 3, 4. Assuming that Lz was the second
focal distance of the two-element lens the focusing voltage ratios 
were uniquely defined and they were V3 /V1=12.46, 6.11, 4.42, 3.57.
Three of these voltage ratios are shown in figure 5.10a together 
with the inverses for the decelerating lens. The internal diameter 
of the two-element lens was 6 mm and results up to a filling factor 
of 83% were possible. These results, at high filling factors, showed 
consistently larger values of Ar than expected from third order 
theory. The aberration coefficients Cs^ and Cso of the two-element 
lens were found from figure 5.10a and plotted on figure 5.10b. The
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agreement between the experimental values and the data from Harting 
and Read (1976) is excellent.
Figure 5.11 shows a set of curves of Ar against ao"‘ for a three- 
element lens with Ln=2.93, L^ -=l, L;3=1.69 and the experimental'values 
of MCs against V^/Vi. The solid line, taken from Harting and Read 
(1976), refers to the higher (HAB) and the lower (FED) values of the 
focusing voltage ratio Vz/Vi . The aberrations for the lower value 
of the'ratio were about eight times higher and were measured using 
smaller semiangles.
Figure 5. 12 shows how, using the correcting voltage method, we may 
calculate Csa for a three-element lens with Li=1.46, L2 =l, and
L:3=1.69. Ve chose a focusing condition with V3/Vi=1.2, and V3/Vi=4, 
which gave fi=2.32 and f2=2.54. Ve used figure 5.12a to calculate 
the rate of change of the correcting voltage ratio with distance r 
from the axis. A marginal ray parallel to the axis at a distance of 
r=0.26 is focused at a distance of 0.5 oscilloscope units from a 
paraxial ray when V%/Vi=4. This marginal ray is brought to the 
paraxial focus when V3/Vi=3.6. The procedure was repeated for
marginal rays with r=0.1485, 0.186, 0.223 and a graph of the
correcting voltage V^/Vi was plotted against r as shown in figure 
5.12a. The slope of the graph at r=0.05 is dV/dr=0.45 and the 
correcting voltage ratio that corresponds to r=0.05 is V^/Vi=3.98. 
Ve have calculated the gradient dV/d(Af3) of the theoretical graph 
of Va/Vi against Afs at the same votage ratio of 3.98 as shown in 
figure 5.12b. That gradient is:
dV/d(Af=) = 1.296
If we substitute the values of the two slopes into equation 5.17 we 
find that Csa=17, which is very close to the theoretical value of 
16.
Figure 5.13 shows how the product MCs varies with M for some overall 
voltage ratios Vs/Vi for the five-element lens mentioned earlier. 
There was no theoretical data to check our results except when 
Vs/'Vi =V2;/Vi =1 or Vs/Vi =V4/Vi =1 when the lens reduces to a three- 
element. If our five-element lens had dimensions 1,1,2,1,1 and the
previous conditions applied then using the theoretical data from
Harting and Read we find MCs=10 for Vs/Vi =V2 /Vi =1 and I4Cs=100 when 
Vs/Vi=Va/Vi=l. Our lens follows a similar pattern and the
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Figure 5.11 Aberration of a lens with Li=2.93, L^=l, 13=1.69.
(a) Experimental values ot Cs, the solid lines were drawn using data 
from Harting and Head (1976). (b) Variation of Ar with ao=.
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Figure 5.12 The correcting voltage method.
(a) The correcting voltage ratio against distance from the axis,
(b) Theoretical variation of Vz/Vi with Afa. anc\
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Figure 5.13 Experimental values of the magnification M against 
MCs for a zoom lens.
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aberrations are not very different from those of a three-element 
lens with similar dimensions. For the three-element lens KCs-30 when 
Vs/Vi varies from 1 to 5, as shown in figure 5.11, whereas for the 
five-element lens the minimum value of MCs drops from 50 to 15. 
Another interesting feature of figure 5. 13 is that MCs does not 
change very much for a given Vs/Vi when the magnification varies 
from 3 to 0.7. The lens can be operated in this region and the 
effect of the aberration is constant. To operate the lens at a 
minimum MCs for a given V5 /V1 the ratio Vs/Vi must be decoupled 
from the relation Vs/Vi = (Vg/Vi If, for example, the voltage
ratio Vs/Vi was set equal to 0.5Vs/Vi the experiment described by 
Heddle and Papadovassilakis (1984) could be repeated. The 
magnification and the focusing voltages could be recorded, Cs 
measured and the whole procedure could be repeated for a different 
value of VsVVi .
It should be possible after this to operate a lens at a constant 
magnification for a minimum value of MCs for a wide range of overall 
voltage ratios.
5-, S.. QqtïqI h b Lqtl^ .
All our experimental results have shown internal consistency. The 
proportionalities of A r  against and Ar against ao® were shown for 
two and three-element lenses. This demonstrates the fact that both 
our measuring methods are sound and that our X and Y deflectors 
operate in a linear region for small scanning voltages.
Additionally the constants of proportionality have produced 
aberration coefficients Cs, Cso, Cs^ that agree very well with 
theoretical data taken from Harting and Head (1976).
For the five-element lens the aberrations were shown to be very 
similar to those that occur in a three-element lens of the same 
voltage ratio and magnification.
It is possible, however, to set the intermediate voltage ratios 
Va/Vi, Vs/Vi, Vd/Vi so that the aberration coefficient Cs is 
minimised for a fixed overall voltage ratio Vs/Vi and fixed 
magnification. The five-element lens operated in that mode would be 
a valuable tool in low energy electron spectroscopy.
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